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PREFACE TO THE FOURTH EDITION. 



The first edition of this book consisted largely of lecturea 
prepared for Btndeots in Cornell University, and to these have 
been added, in successive editions, material gathered from ex- 
perience in turbine construction and operation, and new problems 
illustrating the design of several types of turbines developed in 
recent years. The book is in no way a manual for turbine 
designers, although it aims to assist those who wish to obtain a 
knowledge of the principles and methods used in design, and to 
describe some of the experimental work that has accompanied the 
development of the turbine. 

The theory of the various types of turbine follows very 
closely that given in Stodola's Steam Turbines. The arrange- 
ment of the material is that which the writer has found to be 
adapted to the needs of engineering students. Even though the 
student has a good foundation in elementary science, the applica- 
tion of hydraulic and thermodynamic principles to the specific 
problems of turbine design can be understood only by working 
out illustrative examples. The study of the hydraulics of the 
subject naturally precedes that of *he therniodynamice, as the 
former serves to explain the action of a moving fluid on turbine 
buckets, and to show not onlyhow rotation is produced, but why 
the hydraulic efficiency varies according to the relation l)etween 
steam and bucket velocities. After these questions have been 
discussed, it becomes essential to take up the principles of steam 
flow in nozzles and turbine passages, and this calls for at least an 
outline of Zenner's conipreheneive treatment of tins subject. 
Without an understanding of the fundamental equations rejji-e- 
eenting steam flow, a thorough grasp of the turbine problem is 
impossible. It has seemed best to direct attentifjn particularly to 
the hydraulic and tliermodynamic aspects of the turbine rather 
than to the questions of meclianical detail, strength of i>arts, 
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critical speeds of rotation, and speed regnlation, — questions upon 
which there is a constantly increasing technical literature. 

Turbine designers have fonnd an almost indispensable aid in 
the heat diagrams or entropy charts, of whicli the most readily 
applied is that proposed by MoUier, having as co-ordinatee 
entropy and heat-contents of steam respectively. It is therefore 
essential that the student should become familiar with these 
diagrams and with their application to steam problems. A very 
effective means of familiarizing the student not only with the 
diagrams, but witii thermodynamic principles in general, is to 
require him to actually plot from his own computations a few 
curves of each tind involved in the temperature entropy diagram, 
and to produce from these the elements of a Mollier digram: 

A question naturally arises during the study of fundamental 
theory regarding the extent to which the principles have been 
tested expeiimentally, and in Chapter VI experimental work 
l)earing upon steam flow is discussed, necessarily to a limited 
extent. Such work forma a valuable link between the study of 
theory and its application to problems of design, and the student 
should be referred to technical publications in which further 
results of experimental work can be found, 

Cliapters VII and VIII deal with the application of prin- 
ciples to the design of impulse turbines and reaction turbines 
res])ectively. New problems have been prepared, in addition to 
those illustrating the fundamental theory, and these are based 
upon methods at present in use by engineers engaged in turbine 
work. These methods involve the use of experimentally obtained 
coefficients of efficiency, and are subject to frequent changes and 
improvement. There are in use several general methods of cal- 
culation for each type of turbine, the methods differing among 
themselves according to the experience of individual designers. 

The writer has found that an effective means for assisting 
the student to obtain a grasp of the subject lies in assigning a 
series of six or eight examples similar to those given in the 
appendix. The work outlined can be accomplished in a half 
year with a class meeting twice a week. 
Maoisok, Wis., Auguat, 1910. 
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PREFACE TO THE THIRD EDITION. 



In presenting this third edition the writer wishes to call 
attention to the new problems in the design of the Curtis and 
the Parsons types of turbine, to the suggestions regarding tur- 
bine analysis, and to the Diagram of Heat-contents of Steam, 
the superheated region of which is plotted from the results of 
the writer's recent investigation of the specific heat of super- 
heated steam.* This diagram is laid out as suggested by Dr. 
MoUier, the co-ordinates being Entropy, and Total Heat-contents, 
and is exceedingly convenient because heat^units are read on 
straight lines instead of on curves as in the Temperature- 
entropy Diagram. The present edition contains also new mat- 
erial relating to the application of steam-turbmes to marine 
propulsion, including illustrations of some of the most recent 
turbine steamers. 

The object of the book is, as before, to set forth the principles 
essential to those who wish to equip themselves for taking up 
steam-turbine work. Only such details relating to present 
practice in turbine construction have been given, therefore, as 
would suf&ce to illustrate the application of the principles. 

C. C. T. 

Ithaca, N. Y., November, 1907. 



* American Society of Mechanical Engineers, December, 1907. 
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PREFACE TO THE FIRST EDITION. 



In writing this book I have aimed to give in Ic^cal order 
the fundamental principles of steam-turbine design, with 
examples of their application, and to show the results obtained 
in engineering practice. 

The development of the steam-turbine has been so rapid 
that many of the problems involved, while solved more or 
less satisfactorily for constructive purposes, have not been 
put upon a scientific basis. Foremost among these problems 
is that of the velocity of steam-flow under given conditions, — 
important not only for an understanding of the operation of 
the turbine, but for predicting the results to be expected from 
a given set of conditions. My principal incentive has been 
the desire to analyze and correlate the results of certain im- 
portant experimental investigations, and to show how these 
results could be used in connection with the well-known laws 
of hydraulics and thermodynamics as applied to steam-tur- 
bines. In stating these laws I have attempted to develop the 
expres^oDS in a simple and direct manner, and to ^ve numer- 
ical and graplucal solutions illustrating the principles involved. 

The book is not intended to be or to take the place of a 
treatise on either hydraulics or thermodynamics, but it has 
seemed best to ^ve in outline the development of such parts of 
those subjects as are most necessary for acquiring the working 
knowledge which it is the object of the book to impart. 1 have 
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attempted, therefore, to discriminate between egsential princi- 
ples and such discussions as are chiefly of scholarly interest. 

A large part of the experimental data used in the book 
waa obtained by Professor Guterrauth, of Darmstadt, Dr. 
Stodola, of Zurich, Mr. George Wilson, of Manchester, Mr. 
Walter Rosenhain, of Cambridge, and Professor Rateau, of 
Paris. I have taken the material from various sources, and 
have endeavored to give credit in all cases. The work on 
nozzles and buckets combined was done in the Sibley College 
laboratories, and a series of similar experiments is now in 
progress there, in which the exhaust is led into a condenser 
maintaining such vacuum conditions as are used in practice. 

I am especially indebted to the officials of The General 
Electric Company, The Westinghouse Machine Company, The 
Allis-Chalmers Company, and The De Laval Steam Turlane 
Company, for opportunities for taking extended observations 
at their works, and for permission to use data and material 
for illustrations. Especial thanks are also due to Professor 
R. C. Carpenter for placing at my disposal valuable experi- 
mentally obtained data; and to Messrs. A. G. Christie, C. E, 
Burgoon, and J. C. Wilson for assistance in making calcula- 
tions and plotting curves. 

C. C. T. 
Ithaca, N. Y., January, 1906. 
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INTRODUCTION. 



Rotation in a steam-turbine is caused by particles of 
steam acting upon suitably formed surfaces attached to the 
rotating part of the machine. Steam consists of very small 
particles or molecules possessing mass, and the heat in steam 
may be caused to impart high velocity to its own particles. 
This is accomplished by allowing the steam to fall suddenly 
in temperature and thus to give up its heat as work in expand- 
ing its volume and expelling its own substance from a place 
of higher to one of lower pressure. If the expansion takes 
place in a given direction, as when steam flows from a nozzle, 
the action is somewhat similar to that occurring in the barrel 
of a gun when the charge of powder bums, forming a gas of 
high temperature which quickly expands, driving before it 
the projectile and also the particles of gas and burnt powder. 
The substance expelled from the gun, having had work done 
upon it, attains a certain velocity and is capable of giving 
up its energy, minus certain losses, to whatever objects may 
be in the way tending to retard or change the motion of the 
mass. 

When a substance, such as steam or water or gas, flows 
through a nozzle and has its motion accelerated during the 
flow, a reaction occurs opposite in direction to the flow and 
tending to move the nozzle. The recoil of a gun or of a hose- 
nozzle is an example of such a reaction. In turbines of the 
so-called reaction type this phenomenon is utilized for pro- 



D,g,,z.d by Google 



xil INTRODUCTION. 

dueing motion of the rotating part. A true reaction-turbine 
may be compared to a pinwheel in the periphery of which 
small charges of powder are exploded and from which the result- 
ing gases are expelled in such a direction as to give the wheel 
a motion of rotation due to the reaction accompanying the 
expulsion of the charge. The energy possessed by the charge 
leaving the pinwheel might be directed upon another movable 
wheel, and the latter be rotated by the impulse thus received. 
Such a combination of reaction and impulse takes place in 



Hero's reaction-turbine. 

what is called the reaction -turbine. The operation is as fol- 
lows: The stationary casing of the machine holds a row of 
guide-blades in front of each row of moving blades. The 
space between each two guide-blades forms a nozzle through 
which the steam passes on its way to the moving blades. The 
pressure between the guide-blades and the moving blades is 
less than that in the space before the guide-blades; therefore 
the steam expands as it passes through the guide-blades, and 
its motion is accelerated as the pressure falls during the expan- 
sion. The steam strikes the moving blades with the velocity 
it has upon leaving the guide-blades, and exerts an impulse 
as the moving blades change the velocity of the steam. But 
there is a still lower pressure beyond the moving blades than 
before them, and therefore the steam expands still further in 



Dig,, z.d by Google 



INTRODUCTION. xiii 

the moving blades and accelerates the velocity of its own 
particles according to the amount of heat given up during 
the fall of pressure accompanying the expansion. The moving 
blades discharge the steam in a direction opposed to that cf 
their rotation, and the reaction accompanying the accelera- 
tion of the steam in the moving blades acts to produce rota- 
tion, just as did the impulse when the steam first struck the 
moving blades. The rotative effect is thus produced by both 
impulse and reaction, and the name " reaction-turbine " should 
in this case give place to " impulse-and-reaction turbine." 



Branca's impulse-turbine. 

In an impulse-turbine nozzles are held in the frame of the 
machine, at rest relatively to the earth, and steam expands 
in the nozzles, giving up its heat to an extent depending upon 
the degree of expansion, and to that extent does work upon its 
own mass, discharging it upon the movable part of the machine. 
The latter absorbs energy from the rapidly moving particles 
of steam, and gives out the energy, minus certain losses, as 
rotative effort. The steam particles receive in the nozzles 
all the mechanical energy they are to possess, for there is in 
the ideal, single-stage impulse-turbine no fall in pressure after 
the steam leaves the nozzles. There is therefore the same 
pressure on the two sides of the rotating row of blades, and 
the latter simply receive an impulse due to the reduction in 
kinetic energy which the steam experiences during its passage 
through the blades. 

In the many-stage impulse-turbine the fall in pressure and 
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XIV INTRODUCTION. 

temperature occurring in any one stage is limited according 
to the work that is desired to be produced by a single stage. 
Thus the steam still possesses energy after its passage through 
the blades in a given stage, and this remaining eneigy may 
be used in a succeeding stage in the manner described. The 
smaller the amount of energy remaning in the steam after 
passage through the final stage of the turbine, the more effi- 
cient is the machine as a heat-engiae. 

In general, steam-turbine design is concerned primarily 
with the use of the energy of rapidly moving masses of steam 
and with the heat transformations which give rise to the motion 
of the steam. A knowledge of the principles underlying these 
phenomena is therefore necessary, and the first three chapters 
were written to make the fundamentals clear. In Chapters IV, 
V, and VI, the flow of steam through orifices and nozzles is 
discussed, and experimentally obtained results are given in 
order to connect what would be expected to occur under ideal 
conditions with what actually occurs in engineering practice. 

In the remaining chapters the principles of turbine design 
and operation are discussed, and it has been the constant 
aim in this work to show in what way the results to be expected 
may be predicted by the proper use of experimental data. 
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CLASSIFICATION OF STEAM-TCEBINES. 

1. Impulse turbinea. Equal pressure on the two sides of any raw of 
ackets. 

{Reaction, or i 

Impulse- and-re- | Fall ot preasure in pa»Bing any tow of buckets. 
action turbines. J 

(a) Single stage, oonostuig <d one set of noides 
and one row, or wheel, of buckets. {Er- 
omple, De Laval turbine.) 

(6) Velocity compounded, single stage, one aet of 
nozzles and several rows of moving buckets, 
with intermediate guides. (Curtis ) 

(c) Pressure Compounded, several compartment^ 
or stagey each containing one set of nozzles 
and one set of moving buckets. {RBt«au, 
Zoelly, Hamilton-Holz worth.) 

(tj) Several stages ; both pressure and velocity com- 
pounded Each compartment, or stagy, 
contuns one set, (perhaps divided into two 
groups) of nozzles, and two or more rows of 
moving buckets, and one or more raws of 
stationary buckets.' (Curtis, vertical and 
horizontaT.) 

(e) One or more stages. Buckets of Pelton type 
cut in dm of wheel. Nozzle^ in plane of 
rotation. (Riedler-Stumpf.) 

FuH peripheral admis- / Many stage turbine, or Parsons type. Steam acta 
sion. I by both impulse and reaction. 





Nozzles 


Impulse 


inclined 


type. 


to 


Partial 


Plane 


peripheral 


of 




Rota- 


excepting 


tion. 


Bamilton- 
Holzwarth. 





Partial peripheral ad- 
mission in Impulse 
stages, and full peri- 
pheral admisaon in 
Paisons stages. 



Combinaton of Impulse stages with those of the 
Impulse-and-reactjon type. Generally one 
or more Impulse stages at high pressure end 
of turt»ne, followed by a large number of 
Impulse-and-reaction, or Parsons stages. 
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STEAM-TURBINES. 



GENERAL PRINCIPLES RELATING TO THE ACTION OF STEAM 
UPON TURBINE-BUCKETTB. 

The effect of steam striking against and leaving the moving 
parts of a turbine may be analyzed by means of the principles 
discussed in the present chapter. 

A force acting upon a body tends to change the position of 
the body. If the latter is at rest relatively to the earth, it is 
said to have zero velocity, and a force may act so as to impart 
to the body a certain motion. If the body is in motion before 
the force acts upon it, the effect of the force is to increase or 
decrease the rate of motion of the body, or else to change its 
direction of motion. Or, the force may change both the rate 
luid the direction of motion. Change of rate of motion is 
called acceleration. If a force increases the velocity of a body, 
it is said to p-oduce a positive acceleration. If the effect of the 
force is to reduce the velocity, it is said to produce a negative 
acceleration. 

If the mass of a body be known, and the acceleration in a 
given direction due to a force be also known, the magnitude 
of the force can be calculated. It follows, therefore, that a 
force can be measured by the acceleration it produces when 
it acts upon definite quantities of matter whose conditions of 
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2 STEAM-TURBINES 

motion are kaowP- If » .f^rce communicates equal increments 
of velocity iu-^ual leitgdiB'Df.iiine, it is said to be a uniform 
force. .■'■,:;".•:-!;;■•/'■; : .'. '''- 

If a iofce' acts upoh' '&' 'Body in a fixed direction, and 
produces an acceleration /, — that is, if it adds / units of velocity 
per unit of time, — then in t units of time the velocity generated 
is V = ft. 

The space passed over in the time t is the product of the 
V 
mean velocity ^ and the time t. 

If space passed over is s, then 









s = 


= f- 


-itP. 


But( 


V 


and therefore 


»• 


-i/x 




This may 


be written 


Y'- 


-2/,, 





Applying this general statement to the case of a body falling 
freely towards the earth, under the influence of the force of 
gravitation, whose acceleration is called g, the space through 
which the body must fall in order that it may attain the velocity 

ya 

2g 

If a free body of mass M is acted upon by a force F, 
in a fixed direction during a ^ven time, a certain acceleration 
of the motion of the body wilt take place. If the force F acts 
upon a mass of 2M during the same length of time, the accelera- 
tion, or increase of velocity, will be only half as great as in 
the first instance. To produce the same effect in the same 
time upon 2M as was produced by F upon M, the force must 
be 2/^. 

Further, if a force F produces an increase of velocity, V, 
in a mass M in a j^ven time, it will require a force of 2F to 
produce a velocity of 2V in the same mass in the same time. 
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ACTION OF STEAM UPON TURBINE-BUCKETS. 3 

And if a certain force imparts in one second to a mass weigh- 
ing 2 pounds a velocity of 2 feet per second, it is capable of 
imparting to a mass of 4 pounds a velocity of only 1 foot per 
second. 

From these facts it is seen that the force required to change 
the motion of matter varies as the acceleration, or velocity 
acquired in a given time, and as the mass acted upon. It 
therefore varies as their product, and since a force F, which 
accelerates the velocity of a mass M by an amount / per 
unit of time, varies as the product Mf, the equation may be 
written F = CMf, where C is some constant. 

The xinit of mass, as used in engineering, is a derived unit, 
and its value may be foumi in terms of force and acceleration by 
letting C=l. The earth attracts every mass of matter upon its 
surface with a force (called the force of gravitation) capable 
of imparting to the mass an acceleration of about 32.2 feet 
per second per second. The magnitude of the force is pro- 
portional to the amount of matter, or the mass, acted upon, 
and is called the weight of the mass. The weight of a certain 
mass of platiniun has been accepted as the unit force, and 
is called the fmind. If F = \ pound and / = 32.2 feet per 
second per second, the equation may be written; 

5^-„ = M = the amount of mass in 1 pound weight. 

The value of M in this equation can be made equal to 

unity only by multiplying the left-hand member by 32.2, 

and therefore the unit mass is so much mass as weighs 32.2 

lbs. To express quantities of- mass, then, in terms of weight, 

it is necessary tO divide the weight of the mass by 32.2, or 

Af = ir'^32.2. Calling the acceleration due to gravity g, the 

equation becomes 

W 
M =— , or W^Mg. 

The equation expressing the relation between force, mass, 
and acceleration is, then, . 

W 
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4 BTBAJf-TURBINBa. 

W 
where F is the force which produces in the mass — the accel- 

eration /, 

A weight W, if allowed to fall, is accelerated by an amount 

g ft. per second. Forces are proportional to the acceleration 

they produce upon bodies free to move, and, therefore, any 

force F which can produce an acceleration / is related to W 

F W 
and g by the equation y = — . Hence the force F which can 

^ve a velocity of / ft. per second to a mass W, in 1 second, 

Wf 
is equal to —=Mf, where 3/ = the mass accelerated. 

If a stream of any substance, such as water, gas, or steam, 
or of a mixture of steam and water, moves with a velocity V, 
in a fixed direction, then if W is the weight of the substance 
passing a given cross-section of the conducting channel per 
second, the work it is capable of doing, or the energy it possesses 
by reason of its mass and velocity, is the same as the energy 
developed by a body falling freely under the action of gravity 
through a height k, and thereby acquiring the velocity V. 

If K be the kinetic energy of the stream, or its capacity 

to do work, then K-=Wh = -^ (2) 

Hence the energy of a stream of constant cross-section is 
proportional to the square of its velocity. 

If a nozzle delivers W pounds of the substance per sec- 
ond with a uniform velocity V, it may be considered that a 
constant impulsive force F has acted upon the weight W for 
one second and then ceased. During this second the substance 
has changed its velocity from to V, and has traversed the 
space iF. Therefore the work FXw has been done upon the 
substance by the impulsive force F. 

The energy of the jet is -^ — , and this must equal the work 

V 
which has been done upon the jet, or Fx^ 
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ACTION OF STEAM UPON TURBINE-BUCKETS. 
„ V WV „ WV 



(3) 



If A = the area of cross-section of the jet, and the weight of 
the substance per cubic unit = Ti;, then W—wAV, or 



The jet is capable of exerting an impulse equal to F upon 
any object in its way, and therefore the impulse of a jet of 
constant cross-section varies as the square of its velocity. 

The force P acts for one second upon each W pounds of 
substance which pass a given section. But as there is only the 
amount W passing per second, the force F is continuously 
exerted and becomes a continuous impulsive pressure. 



1 


r^-^-^ 



A stream flowing from an orifice produces a reaction 
equal in value, and opposite in direction, to the impulse the 
stream is capable of producing upon an object against which 
it may strike. In the direction of the jet the impulse produces 
motion. In the opposite direction it produces a pressure 
tending to move the orifice or nozzle and whatever is rigidly 
connected therewith. 



The force F= 



WV wAV^ 



is exerted in the line of action of 
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the jet, and its force in any other direction is the compoQent of 
the force F in that direction. 

If steam, for example, issues vertically downward from an 
orifice in the base of a vessel, it exerts an upward reaction F 
and a horizontal reaction 0. If its direction of issue is inclined 
20° to the vertical, its upward reaction is F cos 20°, and its 
horizontal reaction is i^ sin 20°. (Fig 1.) 

If a stream moving with velocity Vi is retarded so that 
y. 
its velocity becomes Vs, its impulse at first is W — and after 

retardation W—. The dynamic pressure developed is 



It is by means of the pressure resulting from change of velocity 
or of direction of flow, or both, that turbine-wheels transform 
the energy of moving water, steam, or gas into useful work. 

Example 1. — 200 pounds of water flows each second from an 
orifice having a cross-sectional area of ,064 sq. ft. What Is the 
■velocity of flow? 

Quantity = area X velocity, or 

200-5-62.4 = 3.2 cu. ft. per second. 
3.2-;-0.064=50 ft. per second. 

What is the horse-power of the jet? 
Energy, or capacity to do work, 

= —2— = — ^j^— ^=7760. ft.-pds. per second. 

7760. -h550. = 14.1 horse-power. 

What is the reaction against the vessel from which tiie 
water flows? 

T. ■ , „ TT^ 200x50 „„ 

Reaction=impulse=F= — ■= q2 2 ~° pounds. 



Dig,, z.d by Google 



ACTION OF STEAM UPON TUBBINE-3UCKETS. 7 

If the water should act upon a revolving wheel, leaving the 
buckets at a velocity of 30 ft. per second, what horse-power 
would be given up to the wheel? Neglect losses. 

Energy given up ^^ UA^ 

= 4960 ft.-pds, per second. 
4960^550'=9.04 horse-power. 

Efficiency of wheel, disregarding friction, =9.04-;- 14.1 = .64. 

If the water at 30 ft. per second should be used to drive 

another wheel, leaving its buckets at a velocity of 10 ft. per 

second, what would be the efficiency of the two wheels combined? 



Horae-power of second wheel -= 



" first " =■ 9.04 

" " two wheels =13.56 

Efficiency = 13.56 ^ 14.1 = .96 + . 

The same total efficiency would of course be obtained by 
using the first single wheel, if the water should leave it at 
the velocity of 10 ft. per second. 



64.4X550 

13.5-^14.1 = .96, approximately. 

The efficiency of the system of wheels is evidently 

V,a-y.g 2>00-100 
7i2 2500 ■^'*- 

Example S. — Suppose 100 pds. steam to flow per second from 
the orifice of the previous example, what would be the horse- 
power of the jet? 
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The area of the orifice is .064 sq. ft, (about 3.4 ins. cUam.). 
Let the volume of steam per pound=2.5 cu. ft. in the orifice. 

— jj-jr^j^ = 3900 ft. per second velocity. 

., , . . , WV^ 100 X (3900)2 
Energy, or capacity for domg work, = -g— = — ^^ = 

23,600,000 ft.-pds. per second. 

23,600,000 ,„,^. 

— FTT^ — =42,900 horse-power. 

If the steam in such a jet should all be used upon a tur- 
bine, leaving same at a velocity of 1000 ft. per second, what 
horse-power would be developed, disregarding frictional and 
thermal losses? 

Tr(7,a~yz2) 100((3900}2-{1000)2) 
Energy given up = ^ ^ ^ 

=22,200,000 ft.-pds. per second. 
22,200,000 



550 



- = 40,400 horse-power. 



40,400 -, 

What would be the reaction against a steam-nozzle from 
which such a stream was emitted? 

„ WV 100x3900 .„.„„ 
^=-g 32^ ^ 12,100 pomids. 

Example S. — ^If a jet has a cross-sectional area of 1 sq. 
inch, how many cubic feet of air at atmospheric pressure must 
it emit per second in order that its impulse may be 200 pounds? 

1 cu. ft. of air at atmospheric pressure and 60 degrees F. 
weighs approximately 1/13 pound. 
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If w^-wei^t of ail per cu. ft. and ^ = area of orifice in 
sq. ft., then 

^ WV 2wAV^ wAV^ .^ 

F '_ 200 pounds. 

1 1 F^ 



V - \/200.x 32.2X144. X 13. = 3490. ft. per second. 

3490. „. 

^771" =24. cu. ft. per second. 
144. "^ 

Example 4-— If a tube T is 1" dia. and delivers 0.3 cu. ft. 
trf water per sec. compute the dynamic pres. against the plane. 

A-=^ sq.ft. TF-.3eu. ft. = 18.7pds. 



„ .3X144 „,^ 

V-^ -oe =55 ft. per sec. 



„ WV 18.7X55 ^„ J 

F — ^99"^ = 32 pds., approx. 



H 



Examj^ 5. — ^If a nozzle having a cross-sectional area of 
0.1 sq. in. discharges 500 pounds of steam per hour, and experi- 
ences a reaction against itself of 15 pounds^ what is the velocity 

of the issuing jet of steam? 
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Since the reaction is equal to ttie impulse the jet is capable 
of exerting, it equals 

r, WV ^^ Rg 15X32.2 ,.„„, 

R — — , or 1^^-^ 5QQ 3480 ft. per sec. 

3600 

Action of Fluid upon Vanes. — Let a stream of fiuid enter a 
stationary vane tangentially to the sm-face at A, Fig. 3, and let 




it traverse the vane to B with the velocity it had at A. This 
condition would be possible if the fluid experienced no frictional 
resistance to its passage along the surface. As the fluid enters 
the vane its tendency is to continue flowing in the direction it has 
at A, but it is prevented from maintaining this direction of flow 
by the curvature of the surface it has to traverse. The vane 
has to oppose a resistance to the tendency of the fluid to flow 
in its original direction, in order to effect the change in direc- 
tion, and that resistance amounts to a force pushing the fluid 
towards the center of curvature of the vane at each point 
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of the path. The force causing the stream to take the direc- 
tion of the vane surface is similar to the pull on a string by 
which a weight is held and caused to swing about the point 
at which the string is held. If a certain weight of fluid, for 
the instant in which it covers the distance dl, is rotating about 
a center at C, it is exerting a pressure in a direction normal 
to the surface at (U, and that pressure is equal in amount to 
the centrifugal force exerted by a body having the same weight 
as the water on dl, and moving with the velocity F at a distance 

r from the center of rotation. The centrifugal force = , 

or, if the area of cross-section of the stream is A sq. ft. and 
the fluid weighs w pounds per cubic foot, the weight W''Avxil 
and the centrifugal force on dl is 



^„ Adlw 72 
dP- X— . 

9 T 



The pressure on the small area of length d/ in the direction 
which the stream had when it entered the vane is 

dX=dPs\na, 

and in the direction perpendicular to that of the stream at 
entrance it is dY^dP cos a. 

The total angle subtended by the surface of the vane is ^, 
and upon each elementary area of width dl there is the force 
dP pressing against the vane. The total component of the 
force in the direction of dX is 
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But dl^rda, and therefore 



Px" — :; — / sin acta 



9 

/** AwV^ 

Similarly, Py= I dPcosa^ siufl. ■ 

Jo 9 

'The resultant impulse on the vane is 



Since the volume of fluid passing the surface per second 
is equal to the cross-sectional area of the stream multiplied 
by the velocity, and since the volume multiplied by the weight 
per cubic imit equals the total weight flowing per second, 

Weight flowing per second=TF = uJi4F. 

The expressions for impulse may then be written as follows: 

WV 
J'x-— (1-cos;?); (4) 

WV 
Pr=-— sin^; (5) 



Pb = v'2(l-cos^) (6) 



The direction of Pr with respect to Pj and Pr is given 
.by the equation 

Pr sin j3 
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The matter may be approached by a method more direct, 
though less satisfactory from an analytical standpoint, as 
follows: If a stream of constant cross-sectional area flows 
with a constant velocity V and is deflected by the sm-face of 
a vane, as in Fig. 4, the impulse it is capable of producing 
in the direction of flow is the same at all points of the path. 
The reaction exerted by the stream in the direction opposite 
to that of flow is also constant. As the stream enters the 




Fio. 4. 

surface it exerts its impulse R in the direction of flow, and 
as it leaves the surface the reaction R is exerted in a direction 
opposite to that of flow. 

Let P be the dynamic pressure, or the impulse produced in 
the direction of the initial motion as the jet strikes the vane, 
and let Ri be the component in that direction of the reaction 
of the jet as it leaves the vane. Then, if /? is greater than 
90°, as shown in Fig. 4, the total pressure upon the vane is 



P = R + Ri=R + R cos {1S0°- 
If ^ is less than 90°, 



= R{1- 



P = H-ffl = fl-fiC0S/3 = fl(l-C08^). 
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The result is the same in the two cases, and the value of 
the impulse is seen to depend upon the angle of exit of the 

WV 
vane. Since the impulse R = 

before found, 



the total pressure is, as 



WV 

P" (1-C08^). 



If ^=0, as when a stream flows along a straight surface^ 
P-0. 

WV 
If;?=90°, asinFig. 5, cos^ = OandP= . 




Fio. 6. 

If ^ =180°, as in Fig. 6, a complete reversal of direction 
occurs, and 

WV 
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If the direction in which it is required to find the dynamic 
pressure makes an angle a with the direction of the entering 
jet, and an angle ^ with that of the jet when it leaves the vane, 




the components of the impulsive pressure in the direction of 
Pi and Pz, Fig. 7, are 

Pi^R cos a, 

P2 = Rcos^. 



If a=0*' and i?=90°, as in Fig. 5, then P=ii;. 

Ifa=Oand;?=0, as in Fig. 6, thenP-2«. 

I^t a vane, or " bucket," move with velocity u, in a straight 
Ime, when acted upon by a jet of fluid having a velocity V in 
the same direction as the motion of the vane. 
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Let the stream at exit from the vane have a direction mak- 
ing an angle ^ with a line drawn in direction opposite to that 
of the velocity u. The velocity of the jet relatively to the 
vane is V—u, and a dynamic pressure is produced upon the 
vane in the direction of motion, just as if the vane were at rest 




and were acted upon by a jet moving with the absolute velocity 

V-u. 

For a surface at rest the action of a jet having a velocity 
V produces a pressure in the direction of the jet's motion of 

WV 

P=Cl+cos,5) , 
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where /3 is the angle between the directions of the jet when 
entering and leaving the vane. For the surface in motion, 
V—u is to be substituted for V and the equation becomes 

W(V-u) 
P = (l+cos;?) ^ ' . 



The weight of fluid, W pounds per second, is supposed to 
all act upon the vane. 

At the point of exit of the jet from the vane, Fig. 8, lines 
may be drawn representing u and V—u in magnitude and 
direction. The diagonal Vi represents in magnitude and 
direction the absolute velocity of the jet as it leaves the vane. 

The impulse of the jet as it enters the vane, in the direc- 



the impulse is — — in the same direction. Therefore the 

pressure in the direction of motion of the vane is 

W 

P (V-VicoaJ). 



But Vi cos J=u- (F— u) cos /?, and therefore 

W 

P (F-u)(H-cosy?). 

When ^ = 180* there is no pressure exerted upon the vane, 
and the pressure becomes a maximum when ^=0, for this 
causes a complete reversal of the direction of motion of the jet. 

\STien the jet strikes the vane as in Fig. 9, at an angle a 
with the direction of motion of the vane, the stream traverses 
the surface of the vane with a relative velocity v, found by 
combining u and Fi, and finding their component along the 
surface of the vane at entrance. The velocity upon leaving 
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the vane is also v, shown making an angle p with the direction 
of motion of the vane. The alsolute velocity of the jet as it 
leaves the vane is Va. 




The impulse with which the jet strikes the vane is and 

WVi 
its component in the direction of motion of the vane is cos a. 

As the jet leaves the vane the impulse is -'' and its component 



The total impulse in the direction of motion of the vane is 



W 



(Vi cosa-VgCOS J). 



Example 6.~Let a =30P. ^^iCf. 

Let Fi=3000 ft. per sec. and u = 1000 ft. per sec. Then 

V2 cos J = u-v cos /?, 
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and 



The value of v may be found from the lower velocity diagram; 

thus 



V = Vu^ + Fi2 - 2uVi cos a 



-V(1000)2 + (3000)2 -6,000,000X .866 =2192 ft. per sec. 



'32.2 

If TT = 1 pound per second, then the impulse produced upon the 
vane is 100 pounds. 

The direction of the line representing the velocity of the 
steam relatively to the vanes or blades of a turbine should be 
such that the stream or jet enters the blade tangentially to 
its working face. Otherwise losses due to impact and friction 
will be greater than necessary. 

Note. — ^The difference between the meanings of impact and 
impulse should be noted. Impact results in loss due to friction 
between the particles of fluid themselves, or between the fluid 
and some object upon which it impinges. Impulse refers to the 
dynamic pressure exerted upon some object, as a vane, by a 
jet possessing kinetic energy. The term impact-wheel is there- 
fore a misnomer when applied to turbines used for obtaining 
useful transformations of energy. 

If the jet is to enter the blade tangentially to its surface, 
the curve of the blade at the edge where the jet enters should 
be tangent to the line of relative velocity v. 

If the angle a is given, j, Fig. 9, may be found from the 
equation 

sin ir—a) « 
sin r ~ Vi 
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from which 



Thus the proper value of 7-, the angle of the blade at the entering 
edge, can be found when u, Vi, and a are given. 

Work Done by the Fluid Acting against the Vane or Bucket. 
Neglecting leakage past the blades of a turbine, all the steam 
passing through it acts to produce rotation. If the steam 
enters in the direction of motion of the blades (the latter is not 
the case in most steam-turbines), leaving at an angle J3 with 
the direction of motion, the pressure resulting in the direction 
of motion is 



The velocity of the blades being u, the work done per second is 

;>»-( I (i+cosWyVi -»)})«. 

If w is zero, the work becomes zero, while it becomes a maximum 

y, 
when u =— ^ , or when the Unear velocity of the blades is half 

Vi 
that of the jet. Making u=-^ in the above equation, the 



y,2 

Dividing by the energy of the jet, W-gT^ the efficiency of 



the jet is 



Assuming the jet to enter the blades as stated above, the 
efficiency is seen to depend entirely upon /?, the angle of exit 
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from the blades. When ^ = 180*, E=0; when ^=90°, £-=.5; 
andwhen^=0*, S = l. 

In general, the efficiency of a turbine depends upon the 
relation between the speed of blade and that of the entering 
jet of fluid, of whatever kind the latter may be. Assuming 
that entrance and exit angles are favorable, the highest effi- 
ciency may be expected when the speed of blade is from one 
third to one half the speed of the entering jet. This ratio for 
highest efficiency, however, depends upon the action of the 
fluid, whether it works by impulse alone, or by reaction alone, 
or by both. 

Referring to Fig. 10 on page 22, let AB represent in magni- 
tude and direction the absolute velocity, or the velocity rela- 
tively to the earth, of the entering steam. Let CB represent 
the peripheral velocity of the vanes or blades of the tiu-bine. 
Then AC will represent the velocity of the entering steam 
relatively to the blades, and J will be the proper blade angle. 
If the blade cmre makes this angle with the direction of motion 
of the blade, no shock will be experienced when the steam 
enters the blade. Let the angle at which the steam leaves the 
blade be ^. Then the absolute velocity of the departing steam 
is represented by CE. 

A blade may be sketched in at C, Fig. 10, making angles J 
and ^ with the direction of motion of the blade, and for given 
values of a and ^, and for a known weight of steam flowing per 
second, and a known peripheral velocity of blade, the pressure 
on the blade can be computed as was done in Example 6. 

For the compounded turbine the same method may be 
extended, as shown in Fig. 11. AB and NP represent respect- 
ively the initial and final absolute velocities of the steam, and 
the energy given up by the steam will be proportional to the 
difference of their squares. Further discussion of this arrange- 
ment will be given later. 

The preceding discussion illustrat*'s the method by which 
problems concerning the action of jets upon turbine vanes or 
buckets may be analyzed. The motion of the vane has been 
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Figs in and 11. 



Dig,, z.d by Google 



ACTION OF STEAM UPON TURBINE-BUCKETS. 23 

assumed to be in a straight line, and this assumption will be 
made in constructing velocity diagrams. The methods to be 
used are simpler than the preceding, but the work that has been 
given is useful in showing the general character of the action 
between the buckets and the working fluid. 

Efficiency of the Impulse-turbine. — T^et steam enter and 
leave a turbine-bucket (Fig. 12) with relative velocities v and Vi 
respectively, and let v-=Vi. Let ^ — J. The jet enters the 
turbine-casing at an angle a with the direction of motion of 
the buckets, and the entering absolute velocity is V, The 
absolute exit velocity is then Vi, since the bucket moves with 
peripheral velocity u. 

The enei^ of the entering jet is — , and that of the depart- 

ing jet is -^. The work done upon the bucket is therefore 

The velocity diagram as shown in Fig. 13 may be repro- 
duced in different form, as shown in Fig. 11. Revolving Vi 
about the vertical line AD until Vi coincides with v, the line 
representing Vi will take the position AC at the left of the ver- 
tical. 

Solving the triangle ABC for Vi^ in terms of V and w, 

Fi= = F=+(2w)2-47wco8a. 

The efficiency of action of the jet upon the bucket is equal 
to the energy given up by the jet divided by the total energy 
of the entering jet; thus, 

Efficiency ^~ *^ p^— 

F'-[y + (2«)'-4yiiC(M «] 

4u/ u\ 



D,„„.db, Google 



STBA M-TVRBINE3. 




Dig,, z.d by Google 







aCTlON 


OF STEAM 


VPOS TURBINE-BUCKETS. 

■o V, to to £ 




25 






















































































































<t 








































^? 


fe-s 


































s 


'<«S 


S> 


































\ 


^ 




S 
































s 




^J 




































\^ 


<s\ 
































\ 


\ 


\ 


sN 
































\ 




\ 


\ 






























\ 


\ 






^ 


































\ 


Ss 
































\ 




A 




























- 






\ 


\, 
































~ 




\ 




























/ 








- 




























/ 




/ 




r 


- 
































1 


/ 


























/ 




/ 






/ 
























/ 










/ 


- i-f 






















/ 






/ 








1 1 






















/ 






/ 




/ 






















/ 






/ 




/ 




/ / 


* 










■ - 






B 






» 






B 


f 


B 












S 














S 


5 





















































































































































































































































































































































D,„„.db, Google 



26 STEAM-TURBINES. 

It is evident that the efficiency depends upon the relation 
between peripheral velocity u, entering steam velocity V, 
and the angle a at which the st«ani leaves the nozzles. If, 
as is generally the case in the many-stage turbine, the angles 
of entrance and exit are not equal, the above expression for 
efficiency requires modification. 

The curves on the preceding page show the variation of 
efficiency for various velocities and angles of entrance of the 
steani, and the gain accompanying increase of peripheral 
velocity, 

MEANING OF TflE TERMS "IMPULSE" AND 'REACTION" 
AS USED IN THE FOLLOWING CHAPTERS. 

Since the forces acting ia the two types of turbine are due to two 

separate although closely related phenomena, it ia necessary to give 

distinctive names to the latter in order to state methods of analsyis. 

Refarence should be made to pages vii to x in the Introduction, and 

to page 181 for description, and method employed in solving the problem. 

The total dynamic pressure exerted by a stream or jet passing over 
a blade or bucket surface and experiencing a change in direction of 
flow, due to the form of the surface, is called impulse. Thus the action 
of fluid upon vanes, as analyaed on pages 10 to 20, results in impulsive 
pressure entirely. Reaction, as used on page 13, is to be understood 
as meaning that part of the total impulsive pressure upon the surface 
which is caused by the change into directions of flow having compo- 
nents opposite to the direction of P, Fig. 7. P represents the direc. 
tion in which it is desired to coinput* the impulsive pressure on the 
vane. The word Reaclion need not be used, however, and is not re- 
quired in the analysts on pages 11 and 12. 

Reaction is to be understood as the pressure opposite in direction 
to that of flow, resulting from and accompanying change in the 
velocity of the steam. If the steam falls in pressure during its passage 
through a row of blades or buckets, its motion is accelerated. This ia 
accompanied by an unbalanced pressure, or reaction, in the direction 
opposite to that of flow, as described on pages 67-70. In the Parsong 
turbine impulse and reaction combine to urge onward each moving blade 
and in order to analyze the acting forces it is necessary to discriminate 
between the two methods of producing pressure agtunst the moving 
elements of the turbine. 
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When a turbine is operated by steam as a workii^ sub- 
stance, the steam is so conducted through the machine that 
it gives up its heat enei^ in imparting velocity to its own 
particles. The result is a stream of steam more or less nearly ■ 
dry, according to the extent to which heat has been changed 
into mechanical work; and this mass, travelling at high velocity, 
strikes against the rotating parts of the turbine so as to cause 
the desired motion. 

The preceding chapter deals with the principles of action 
of a stream or jet as it strikes against and leaves the turbine 
buckets. The present chapter deals with the methods used 
for producing the jet or stream of working substance. 

The problem before the engineer is, to produce from a given 
amount of heat energy the greatest possible kinetic energy in 
a jet of steam issuing in a given direction. This means that 
a certain weight of steam must attain the highest possible 
velocity, and that the jet must be conducted in the most effi- 
cient manner to the point at which it is to deliver its energy 
to the buckets or blades of the turbine. 

While the design of nozzles and steam-passages is only 
one among a great many problems before turbine designers, 
it is of great importance because the efficiency of the nozzle 
determines the degree of economy with which the heat energy 
of the steam is chai^d into mechanical energy. Hecent 
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investigations show that the fundamental thermodynamic 
equations for the flow of gases must be used with great cau- 
tion in attempting to predict results of the flow of steam, and 
that the special conditions under which the steam acts in 
any given case may be very different from the ideal condi- 
tions assumed as the basis for the thermodynamic equations. 
Further, the equation developed by Zeuner, which has been 
commonly accepted as applying to steam flow, rests upon 
the assumption of a constant specific heat of the substance 
duiing its expansion, and therefore does not apply in any 
but a roughly approximate manner to the flow of a varying 
mixture of steam and water. Coefficients have been worked 
out by which Zeuner's equation may be modified so as to 
make it express approximately the results of experiments with 
different forms of steam orifices and nozzles, but the results 
have not, so far, led to methods of predicting what may be 
expected to occur in a given proposed case. 

Steam is an elastic fluid, and it has the power of expand- 
ing indefinitely as the pressure in the containing space is fur- 
ther and further diminished. This power of expansion is 
possessed by virtue of the intrinsic enei^y of the steam, or 
the enei^ due to the heat contents of the steam. Work 
has been done upon the steam in supplying it with heat energy, 
and the steam is capable of increasing its volume and giving 
up energy to other bodies of matter as it moves them out of 
the way, and thus it does what is called external w(^k. Also, 
the steam in expanding experiences changes in its own molec- 
ular activity; its temperature and pressure are lowered as 
it gives up its heat during expansion, and these changes in 
the internal condition of the steam result in what is called 
internal Tvork. The work done in displacing the surroundings 
as the steam increases its volume is called external work, 

A coiled spring presents similar conditions. AVhen it has 
been compressed or extended by work done upon it, the 
spring is capable of changing its length and of exerting force 
upon other bodies while doing so. The change in the condi- 
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tion of the parts of the spring itself is called internal work, 
and the energy it gives up to other bodies is called external 
work. During a boiler explosion st«am does external work in 
rupturing and displacing the boiler parts and in displacing 
and vibrating the atmosphere. The steam, finding it possible 
to fall in pressure and temperature, experiences a change in 
its internal condition, and this change results from what is 
called internal work. In this case the internal work is nega- 
tive, since it is accompanied by a decrease of the internal 
energy of the steam. 

Imagine a gas-tight vessel, containing air or gas at a cer- 
twn pressure. Let heat be lost by radiation from the walls. 
The temperature and pressure of the gas will fall, and, in gen- 
eral, internal work will be done in char^i^ the internal energy 
of the gas. The volume remains constant, and therefore no 
external work is done. 

If the walls, on the other hand, do not transmit heat, and if, 
instead of the gas being kept at constant volume, an opening 
is made in the vessel, a flow of gas will occur through the open- 
ing and external work will be done upon the outside medium, 
suppo^ng the pressure in the latter to be lower than that of 
the gas in the vessel. If, however, the pressure in the vessel be 
lower than that outside, the outside medium will rush in and 
do work upon the gas, raising its temperature and 
pressure. 

In the first case, the gas rushes out of the vessel, displacing 
some of the external atmosphere, thus doing external work, — 
and it also changes its own temperature and pressure, thus doing 
internal work. In the second case, the external atmosphere 
possesses the greater energy and it does external work upon the 
gas in the vessel, by compre-ssing it into smaller volume; and it 
does internal work upon it by increasing its temperature and 
pressure. In both cases heat is expended, and both external 
and internal work are done. Only in the case of the gas-tight 
vessel is the work ail internal work. 

Both internal and external work are done at the expense 
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of the intrinsic energy of any fluid, whether gas or air or st«am, 
and in general the following equation may be written: 

Heat expended = Internal work+External work. 

A given weight of gas at given pressure and temperature 
occupies a certain known volume, and contains a known amount 
of heat energy. If the gas be caused to expand at constant 
temperature, the product of pressure and volume remains con- 
stant, or its condition may be found at any point of its ex- 
pansion from the equation 

pv = piVi=p2V2, etc. 

In order to obtain such expansion, however, heat must be 
added to the gas continuously, during its expansion, in just suffi- 
cient quantities to restore to the gas the heat equivalent of the 
work done. The gas gives up, continuously, its internal energy, 
to overcome whatever external resistance may be opposed to its 
expansion. Since the gas receives compensation for ali energy 
expended, it possesses the same internal energy at the end of 
expansion that it did before it commenced to expand. Such a 
process is known as isotkermal expansion, and the equation 
of the isothermal expansion line may be found by making tem- 
perature constant in the fundamental equation for gases. 



P" Pi"! 

T Ti ' 



(7) 



T beir^ the absolute temperature at which expansion occurs. 
If expansion takes place from pjvi to P2V2, Fig. 15, the 
external work is represented by the shaded area beneath the 
curve pv = pivi, and equals 



W = piv, J^ — = PiVilog,— . 
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It is shown in thermodynamics that if a gas expands adia- 
batically, — that is, without receiving or giving out heat, as 
heat, — the equation to the expansion curve may be -written 

pi,'" = piri» = p2i;2", etc., 

where n is the ratio of the specific heats of the gas at constant 
pressure and at constant volume respectively. 




Let a quantity of ga.i be at the state pit'i (Fig. 16) and let 
it expand to P2V2 adiabatically. The externai work is 



= (-1 U)(Pl^) 



As no heat is supplied to the gas during expansion, the 
external work possible is limited in amount according to the 
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intrinsic energy of the gas at piv,. The capacity of the gas to do 
work is measured by the area beneath the ciirve, extended 
indefinitely to the right, and the axis of volume. When 
the volume becomes indefinitely great the gas has done all the 
exte";ial work it is capable of doing. Since Ws has become 




indefinitely great, ——0, and the expression for the work done 
becomes simply 



n-r 



This measures the total intrinsic energy of the gas, or 

working substance. 

The intrinsic energy of the gas at o is 

n-V 
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When a body receives heat, and does not change its state 
during that reception of heat, its temperature rises, and the 
body either expands in volume, or its pressure increases. Thus, 
according to the assumption that rise of temperature means 
increased vibratory activity of the particles composing the 
body, the internal kinetic energy is increased. The internal 
condition of the body is also changed to the extent of increasing 
the distances between the particles of the body, as the latter 
expands. 

Besides the changes of internal energy, the expansion of the 
body causes displacement of any substance surrounding it, 
or opposing its expansion. This is called external work. Due 
to the increase in the internal or intrinsic energy of the body 
by the addition of heat, external work is done upon the sur- 
roundings of the body by the action of the heat in causing 
enlargement of the space occupied. 

Further, if the substance be a fluid such as gas or steam, 
held within a vessel and containing a given amount of heat 
energy, the substance vn\i flow from a properly arranged orifice 
in the containing vessel, if the orifice opens into a medium of 
lower pressure than that in the vessel. Thus the energy of the 
substance will be utilized in a third manner, that of giving 
velocity to the particles composing the substance and thus 
increasing its kinetic energy. 

Let the vessel a be fitted with an orifice at 6, with well- 
rounded entrance so that no losses occur due to irregularity 
of flow at entrance to the orifice. Further, let the orifice pre- 
sent no frictional resistances to the flow of the substance, now 
supposed to be a gas. Let the intrinsic energy of the gas be 
called El and E2, when inside the vessel and the nozzle respect- 
ively. External work pirt is done upon each pound of gas 
leaving the vessel, and each pound does external work p2Vz 
as it expands in the nozzle. The kinetic energy due to the 
velocities in the vessel and the nozzle respectively are 

-^ and -^ per pound of gas. 

Now, if the flow of the substance is adiabatic, the total 
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energy in the gas remains the same at all times during the 
flow, aad may be expressed by the following fundamental 
equation for the flow of elastic fluids: 



y,3 V^ 



vi and V2 representing volumes per pound of the substance 
at pressures pi and pa respectively; while Vj and Va repre- 




sent velocities. The velocity Vj in the vessel is usually negli- 
gibly small compared with V2, and suppressing -— , the equa- 



29 



= Ei-R2 + piVi~p2V3. 



(8) 



Since the right-hand member of the equation represents 
the sum of the chang3 in internal energy and the external 
work done upon and by the substance during its ex- 
pansion from piVi to p2i'2, and since the changes have been 
due solely to the work done by the heat energy in the steam, 

T2 

it follows that the resulting kinetic energy, ^, per pound of 
the issuing stream, is numerically equal to the amount of heat 
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each pound of the substance has given up during its expansion 
from pivi to p^i'a. 

If the total heat of the substance at piV[ be called Hj, 
and that at p2i'2 be called H3, then for each pound of the sub- 
stance the energy of the jet flowing from the nozzle is 

1-2 

2" = {ff 1 - H2) X 778. f oof-pounds. ... (9) 

From this equation may be calculated the velocity that 
would result in an ideal case from a given fall in heat contents 
of a known quantity of gas or steam, if the flow were confined 
to a given direction. 

Example. — ^Steam flows through a nozzle, and in doing so 
falls in pressure to such an extent as to make a difference of 
225 thermal units per pound between the initial and final 
heat contents. Calculate the resulting velocity, assuming that 
there are no losses of energy in the nozzle. 

One thermal unit =778. foot-pounds of energy. 

ff,-//2 = 225. B.T.U. 
T=\/778. X225. Xt)4.4=3360. ft. per second. 

The following development of Zeuner's equation is given 
because, while it does not apply exactly to the flow of steam, 
it is of considerable interest in all thermodynamic work, and 
it does apply directly to the flow of a fluid the value of whose 
ratio of specific heats, at constant pressure and constant volume 
respectively, does not change during the flow. It is of par- 
ticular interest since it indicates that, after a certain diminu- 
tion of the lower pressure in the case of the flow of a substance 
from a higher pressure to varying lower pressures, the rate at 
which the substance flows does not increase. The rate in- 
creases until the ratio of final to initial pressure reaches a cer- 
tain value, after which no further increase accompanies a fur- 
ther lowering of the final pr<es8ure. The equation is that of a 
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curve which reaches a maximum, after which it decreases to 
zero. (See curves No. 5, on pages 96, 97, 98). 
Equation 8 may be written 

1^ piDi P2U2 , n , . 

2^ "n^ -^3i +P'^t -p3^a=;^(Pii'' -Pafa). 

in which n represents the ratio of the specific heats of tlie 
substance at constant pressure and constant volume respect- 
ively. 

Remembering that p\Vf,'* = p2V2^, 

Ptfa-p,».©' '-p.".(g) "■ 

from which 



y=^|2,p..(„4-j|i-(2-:f| 



If the area of the orifice ia a, the volume emitted per second 
= aV, and if V2 is the specific volume at pressure pt, the weight 
discharged per second is 



But V2=vJ'^Y 

\p2' 

Therefore 



Weight per second = W- 



=«J(¥kMe-:)--©""l-™ 
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Let — -r. Then the weight W becomes a maximum when 

1 1+2. 
't^" — (r) » becomes a maximum. 

Differentiating with respect to r, and equating to zero. 



2, 



2 1-1 / 1\ 1 
IXviding by (r)", 

•-(;rTi)""- 

The value of the ratio r\ =~) for maximum flow of wr 

under adiabatic conditions is 0.528, the value of n beii^ 1.41. 
For dry saturated steam the ratio of specific heats is ordi- 
narily taken as 1.135 which gives a maximum flow, by weight, 

when ^^=0.577. 
Pi 
The above equation (No. 10) is plotted on Plates IV, V, 
and VI, and the curve indicates that if tlie pressure in the 
receiving vessel should be reduced to zero, the weight of fluid 
discharged by the orifice or nozzle per unit of time would be 
zero. It was stated on page 35 that the reasoning upon which 
the equation was developed applied to substances within the 
limits of pressure and temperature j^ertaining to a given physical 
state, in which the ratio of specific heats, n, remains constant. 
The reasoning is correct, and experimenters have met with 
some, though not complete, success in attempting to verify 
the conclusions regarding adiabatic exjiansion of gases.* It 
has been demonstrated experimentally that air, and that 

•See paper by Wni. ProHde, '' Enfineerin;^." tendon. 1872; also paper by 
^^Msor fliegoer, Zettschrift des Vereines d. Irvgenieiire, 1896. 



D,„„.db, Google 



38 STEAM-TURBINES. 

gases in general, in flowing from higher to lower pressures 
through orifices, increase their weight of flow per unit of time 
as the back pressure ps is reduced, but that after reduction 
of pz to about 0.52 pi no further increase in rate of flow can 
be brought about by further reduction of pa* 

The experiments of Professor Gutermuth, plotted upon 
Plates IV, V, and VI, show that the weight of steam discharged 
per second does reach a maximum, as the equation indicates 
that a perfect gas should do, but that the flow of steam, instead 
of decreasing in rate after the maximum has been reached, 
remains constant no matter how much the back pressure be 
further reduced. 

// the lower pressure, pa, be kept constant, and the initial 
pressure be increased, the rate of flow, by weight, will increase 
in direct proportion to the increase in initial pressure. Experi- 
mental evidence as to this and as to the statements made in 
the preceding discussion will be ^ven during the development 
of the subject of the flow of steam. 

* See bottom of page 62. 
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The pressure-volume diagram, of which the ordinary steam- 
engine indicator card is an example, and the heat diagram, 
or, as it is generally called, the temperature-entropy diagram, 
are two means by which the effect of transforming heat into 
mechanical work is represented. The present chapter will 
discuss the heat diagram, which serves a purpose distinct from 
that of the work, or pressure-volume diagram. Either method 
of representation taken alone is incomplete without the other, 
while the two together completely satisfy the requirements 
in analyzing graphically a thermodynamic problem from an 
engineering standpoint. 

In Fig. 18 let ordinates represent absolute temperature. 
It is required to construct a diagram whose area shall represent 
heat quantities in thermal units, and absolute temperature 
is required to be used as one dimension of the heat represented 
by the diagram. This is done because temperature is the 
intensity factor of a heat quantity, and absolute temperature 
is used because the fundamental laws of thermodynamics are, 
as they are now understood, based upon the scale of absolute 
temperature. The adoption of this scale in the heat diagram 
thus relates computations made from the diagram to those 
made by the laws of heat as ordinarily expressed. It is required 
to find another function which taken as an abscissa in con- . 
nection with absolute temperature as an ordinate will ^ve 
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a dif^am whose area represents heat-units, as described above. 
It is well in approaching the heat diagram for the first time to 
start without any thought of entropy, unless one has a very 
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clear notion of the meaning of that word, and to simply deter- 
mine for one's self the character of the abscissa of the heat 
di£^am. This will later be found to be the same as the func- 
tion to which the name entropy was- given by early investi- 
gators of the science of heat. 
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Let the quantity which is to be represented by abscissa 
always increase when heat, as heat, is added to a substance, 
and decrease when heat, as heat, is taken away. A vertical 
line then represents a set of conditions in which the tempera- 
ture changes, but during the change there is no heat, as heat, 
given to or taken away from the substance. This is what 
is called an adiabcUic process, which means that no heat, as 
heat, has been given to or taken away from the working sub- 
stance during the process. In other words, the vertical line 
is what is called an adv^atic. 

While the word " adiabatic " means that no heat com- 
munication takes place between the workii^ substance and 
other bodies during the process in question, there is always 
work done when a substance expands against a resistance, 
and this work is done at the expense of the heat energy pos- 
sessed by the body. Therefore during adiabatic expansion 
heat does leave the substance as work done, but not in the 
form of heat. The adiabatic curve in the pressure- volume 
diagram, and the vertical or adiabatic line in the heat diagram, 
represent a change during which work is done, and therefore 
the intrinsic energj' of the working substance is diminished; 
but during the process no heat has been given to or taken 
from the working substance, excepting as heat has been trans- 
formed into mechanical energy. A horizontal hne represents 
a process during which heat is added to or abstracted from a 
substance at a constant temperature; that is, there is no 
temperature change during the process. A horizontal line 
then represents in the diagram what is called an isothermal 
change, or a change at constant temperature, and the function 
which is to be found and used as abscissae in the diagram is 
the scale by which the relation between different adiabatic 
changes is expressed. Thus in Fig. 18, -4 J5 represents an adia- 
batic change in which a substance whose temperature was 
ori^nally that represented at the height A has fallen in tem- 
perature to D without having received or given up any heat 
as heat. The line BC represents a similar adiabatic drop in 
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temperature. The horizontal line AB is a line of constant 
temperature, and the distance AB or E1E2 represents the 
change of abscissa corresponding to a change in heat con- 
tents measured by the area ABE2E1. AB is what is caUed 
an isothermal line, and a quantity of heat represented by the 
area ABEzEi, under the line AB and extending to the line 
of zero absolute temperature, has been added to the substance, 
thereby moving the point representing the state or condition 
of the substance, from A to B. The state of the substance, 
represented by the point A, shows that its temperature is T\. 
The method by which this temperature was attained is not 
shown, and it is not necessary that it be known in order that 
the effect of further operations may be represented. If heat 
is added to the substance isothermally, tlie state point will 
move from j4 to 6, and the distance AB will be such that 
the heat that has been added equals the area ABE^Ei. 

To make the above clear, suppose in Fig. 19 the ordinates 
and absciasie represent pressure and volume respectively. 
Then the familiar Carnot cycle will be represented by two 
isothermals ah and cd intercepted by two adiabatics be and da. 
The cycle is represented in Fig. 18 by the figure ABCD. The 
mechanical equivalent of the heat involved in the cycle Fig. 
19 is represented by the area abckl, and in the heat diagram 
Fig. 18 the heat involved in the process is represented by ABE2E1. 
The meclianical equivalent of the heat rejected at the lower 
temperature T^ is represented in Fig. 19 by the area cdmk, 
and in Fig. 18 tlie heat is represented by the area CDE1E2. 
The shaded area in each of the figures represents the net work 
accomplished durii^ the cycle. In the heat diagram the area 
ABCD represents heat-units utilized during tlie cycle, and in 
the pressure-volume diagram. Fig. 19, the area abed represents 
the work realized in foot-pounds. The efficiency of the cycle 
represented in F^. 19 is 

T1-T2 

Ti • 
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and it is easy to see that the cycle repreaented in Fig. 18 haa 
the same efficiency; that is, the shaded area A BCD divided 
by the area ABE^Ei is the efficiency of the cycle, and this 
obviously equals 

Ti ■ 

If the total heat beneath the line AB, Rg. 18, that is, the 
heat ABE2E1, ecjuals Q, then the heat transformed into use- 
ful work durii^ the cycle equals 

The quantity „ is obviously a measure of the distance 

E1E2, or it is what is commonly called the increase of entropy 
occurring between the initial and final states A and B respec- 
tively. For an isothermal change, then, the change in entropy 

is equal to „, where T represents the absolute temperature at 

which the heat Q is received. 

Absolute quantities of entropy are not measured, but only the 
differences of entropy between two states of a substance, as the 
total value of the entropy above absolute zero is not known, 
and is not necessary for engineering purposes. 

Suppose that the state of a substance is represented (Fig. 20) 
by the point A, and heat be added to the substance, raising its 
temperature. The substance may be considered to be any 
solid which is heated without experiencing a change in its 
state, as from solid to liquid, liquid to gaseous, etc., or it may 
be a gas supposed to not change its state durir^ the heat change 
under consideration. In Fig. 18 heat was added isothermally, 
as when a substance hke water is evaporated, along the line AB; 
but if at the point A (Fig. 18} the substance had been water 
below its boiling temperature, then if heat had been added to 
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it, a rise in temperature would have occurred along some such 
curve as AB {Fig. 20). Now, let the heat diagram that is 
to be constructed be such that the area underneath any line, 
as the line AB, down to absolute zero of temperature, repre- 
sent the total heat involved in the process; then the heat added 
to move the state point from A to B is that represented by 
the area ABE2E1, Fig. 20. If one pound of the substance is 
supposed to be involved in the process, having a specific heat 
■of jS, then the heat that caused the rise in temperature from Tj 
to T3 is represented by the area ABE2E1 and is equal to 
iS(7'3-7'i). This follows from the definition of specific heat. 
Let the quantity of heat be called Q, as was done in the case of 
the isothennal addition of heat along AB in the discussion of 
Fig. 18. It is desired to do for the diagram in Fig. 20 just 
what was done for that in Fig. 18, that is, to find the increase 
in the value of the abscissa due to the addition of the heat Q, 
In the case of the rectai^ular diagram of Fig. 18 it was a simple 
matter to divide the area of the rectangle by one dimension, 
or the increase of the abscissa EiEi. This was found to be 

=-, and this quantity multiplied by the temperature range 

(Ti - T2) gave the total heat utilized during the cycle. In Fig. 
20 the cycle begins with an addition of heat to a body havii^ 
absolute temperature Ti. The result is a rise of the tempera- 
ture of the body to T3 and a change of position on the diagram 
of the, state point to B. The quantity of heat Q causing this 
rise is represented by the area between AB and the line of zero 
temperature, that is, by the area ABE2E1. The next step in 
the cycle is an adiabatic expansion of the body from T3 to T2, 
and this expansion is represented by the vertical line BC. Just 
as in the Carnot cycle of Fig. 18, heat is rejected or exhausted 
along the isothermal CD, and the body is brought to its original 
condition at A by an adiabatic compression along the vertical line 
DA. The only difference between the two cycles is that heat 
was added isothermally in that of Fig. 18, and with a rising 
temperature in Fig. 20. 
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Returning to the equation last written, the quantity of 
heat added is 

This, however, gives no clue to the amount by which the 
abscissa of the diagram has been increased, and it is this quantity 
which is required in order to make it possible to trace out the 
path by which the state point moved from A to B during 
the addition of the heat Q. 

The area ABE^Ei may be divided into very Small areas, 
similar to the area dQ in Fig. 20, and if the width of each of 
these is given the indefinitely small value dE, then the vertical 
height, or the absolute temperature at which the heat repre- 
sented by dQ is added, may be considered as constant during 
the addition of the heat dQ. An equation may then be written 
thus: 

dQ = TdE, 

where T represents the absolute temperature at which dQ 
is added to the substance. 
Similarly the equation 

= 5(7-3 -Ti) 

may be made to express the heat represented by the area dQ 
by making use of the fact that during the addition of dQ the 
rise of temperature is only an infinitesimal amount dT instead 

of {T3 — T1). The expression thus becomes 

dQ = SdT. . 

The two expressions for dQ may now be equated thus: 

dQ = TdE=SdT 
or 
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The distance E1E2 is equal to the sum of all the smaJl dis- 
tances hke dE, and therefore the distance E1E2 or the total in- 
crease of the abscissa of the state point durii^ the change of the 
temperature of the substance from Ti to T3 is equal to the 

dT 
summation of all the quantities S-™- between the limits of 

temperature Ti and T3. Expressing this in mathematical 
form 

Stating briefly the substance of the preceding discussion: 

I. The ordinate of the point representing the state of the 
working substance as to temperature and heat changes in- 
creases and decreases as the absolute temperature of the sub- 
stance rises and falls. 

II. The abscissa of the state point increases and decreases 
during addition and abstraction of heat respectively, and the 
amount by which it changes is expressed in the two following 
ways: 

(a) The increase or decrease is 

when heat is added or abstracted at a constant temperature 
7*1, as in the boiling of water and the condensation of steam. 
(6) The increase or decrease is 

E-S log,p^, 

when heat is added or abstracted and thereby raises or lowers 
the temperature of the substance from Ti to T3, as in the heat- 
ing or cooling of a gas between such limits of temperature 
that the physical state of the gas does not change in the procp?s- 
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In the above, S is the mean specific heat of the substance 
between the temperatures Ti and 7*3. 

Let a pomid of water be at 493 degrees F, absolute tem- 
perature, corresponding to about 32 degrees on the ordinary 
Fahrenheit scale. The water is then at the temperature at 
which ice melts. As a matter of convenience the tables giving 
the properties of water and steam have been commenced at 
this temperature. Since the total value of the entropy of the 
substance is not used in computation, but only the increases 
or diminutions of entropy due to additions and abstractions 
of heat respectively, the hne representing zero entropy may 
be located in any convenient position. Steam-engine prob- 
lems are ordinarily concerned with the properties of water and 
steam above the melting-point, and therefore the Hne of zero 
entropy may be conveniently placed so as to disregard the 
heat that exists in the water before it reaches the temperature 



Reason for the lae of the term Entropy, 

The expressions ^ !>iid / -^ have been used eince the researches of Clausiue 
and Rankine, and are of fundamental importance in analyzing heat problems. 

The name Entropy was applied by Professor Clausius to the general ex- 
pression / -^, and Professor Rankine called it " The Thermodynamic Func- 
tion." Rankine used the Greek letter ^ to represent the function, and 
various writera using the Greek letter d to represent abeolute tempera- 
ture have called the heat diagram "The Theta-phi-diagram." The name 
generally given to it, however, is " The Temperature-entropy Diagram." 
A discussion of reversible and irreversible processes is involved in satis- 
factorily explaining the meaning and application of the term " Entropy," 
and for such discussion recourse may be had to the works of Clausius, Zeuner, 
Rankine, and other writers upon thermodynamics. The following artitles 
discuss the recent literature of the subject: 

" On Clausius' Theorem lor Irreversible Cycles, and the Increase of 
Entropy," by W. McF. Orr, Philosophical Magazine, Vol. 8, 1904, page 509. 

" On Certain Difficulties which are Encountered in the Study of Ther- 
modynamics," by Dr. Edward Buckingham, Phil. Mag. Vol. 9, 1906. 
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of melting ice at the mean barometric pressure. The diagram 
on Plate I must be imi^;ine(l to extend below the line of 
490 degrees absolute down to absolute zero. The total area 
beneath any line representing a continuous change in the con- 
dition of the substance, and down to absolute zero of tem- 
perature, represents the British Thermal Units involved in the 
change. 

The curve XAB represents the addition of heat to water, 
thus raising its temperature from that of melting ice to higher 
temperatures. The increase in entropy from 493 to 750 degrees 
is approximately 

£:b-5 log, ^7^ = 1X0.42. 

The entropy of the point B is seen to correspond with this 
value. 

The specific heat of water, S, is not constant, and on a rigid 
computation for change of entropy over a range of temperature 
it is necessary to take the mean specific heat for the tempera- 
ture range in question. Within the limits just used the mean 
value for S is 1.006, or very nearly unity. In steam-engine 
problems in general the value of unity may be used without 
any greater error than is always involved in reading results 
during engine tests The total heat above that at freezing- 
point in the pound of water at B is 

Hb =5(r, -Tz) = 1.006(750-493) =258.6 B.T.U. 

By looking in the steam-tables for the heat of the liquid 
above 32 degrees corresponding to 750 degrees this value will 
be found. 

The curve AB represents the heating and cooling of water, 
and its equation is 

Ti 

Change of entropy =S log, ^r- 

J 2 
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PlATEl. 



Dig,, z.d by Google 



60 STEAM-TURBINES 

The line BC is an isothermal, or line of constant tempera- 
ture, and represents the addition of the heat of vaporization 
to water of the temperature represented by the height of the 
line. Water at B is Just ready to become steam, and a slight 
addition of heat generates a correspondingly small quantity of 
steam. 

By experiment it has been found that if to the pound of 
water at 750 degrees absolute temperature there be added 
about 911 heat-units the water will be completely evaporated 
into dry steam. The total heat above 32 degrees would then 



258.6+911 = 1169.6. 

By consulting the steam-tables this will be foimd to be the 
value given for the total heat above 32 degrees of the ordinary 
seale^ or above 493 degrees absolute. 

If only half of 911 heat-units had been added to the water 
at B only half a pound of steam would have been formed, or 
the "quality" of the steam would have been 50%. It will 
be found by measurement that the curve on the diagram 
marked 50% divides each horizontal distance such as BC into 
two equal parts. Similarly, the curve marked 90% divides 
the distance into parts which are to each other as 9 is to 1. 
This means that if the addition of heat at a given tempera- 
ture should be stopped at the intersection of this curve with 
the horizontal line representing the given temperature, 90% 
of the heat necessarj' to evaporate a pound of water into dry 
steam would have been added, or there would be produced 
0.9 pound of steam. The remaining 0.1 would remain as 
water, either in the boiler or suspended in the steam. 

The curve CF is called the "Saturation Curve," and is 
drawn through the extremities of the horizontal lines represent- 
ing the increase of entropy accompanying the addition of 
sufficient heat at different temperatures to completely vaporize 
a pound of water at these temperatures. ■ 
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The area beneath the line BC, down to absolute zero of 
temperature, represents the heat of vaporization or the "latent 
heat" of a pound of steam at the temperature 750 degrees 
absolute. The increase of entropy between B and C is found 
by dividing the heat of vaporization by the absolute tempera- 
ture at which it is added, or 



=i--- 



This may be verified by subtracting Eg from Ee on the diar 
gram. 

The curves marked 1100 B.T.U., 1000 B.T.U., etc., cut the 
horizontal lines in such points that if the addition of heat should 
be stopped at these intersections the pound of steam and water 
would contain the amount of heat indicated by the figures on 
the curve. Thus, if heat were added along BC till the entropy 
increased to that at H, the pound of steam and water would 
contain 1100 B.T.U, above the temperature of melting ice. 

The fraction ^ of the total heat of vaporization present is, 

approximately, 

H,= ~X911=842 + 

Heat of liquid Hb= 258 + 

Total heat above freezing 1100 B.T.U. 

If heat be added to the steam after it has become dry and 
saturated, as at C, the result is the production of what is called 
"superheated steam." As heat is added to it, the tempera- 
ture rises; that is, the " degrees of superheat " increase. Super- 
heated steam behaves much as does a gas. The curve CD has 
the same equation as the curve AB, with the exception that 
the value of the specific heat is different, and the increase of 
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entropy accoropaoying an increase of temperature from T, 
to To is 

E=Slog,^, 

wheFe S is the mean specific heat of superheated steam for the 
range in question. 

Taking 0.57 as the specific heat, the increase of entropy 
during addition of heat from C to O is 

£cD=0.571og,^=0.57X0.199=0.113. 

This will be found to correspond approximately with the value 
given on the diagram. 

The heat involved in raising the temperature of steam 
from the saturation temperature at C of 750 degs. to 920 degs. 



H.=0.57(920-750} =0.57x170=97 B.T.U., approximately. 

The total heat in the superheated steam, then, above 
32 degs. F. is 

258+ 911+97 = 1266 B.T.U. 

It will be evident, upon finding the area beneath the broken 
line XBCD down to absolute zero, or 490 degs. below the 
base line of the digram, that this area represents the number 
of thermal units stated. The dimensions in which the area 
is measured are the same as those representing degrees tem- 
peraiure, and entropy units. Thus, the heat under the line BC 
is represented by an area 1.215 units in width horizontally 
and 750 units vertically, giving 911 thermal units as the heat 
so represented. 

Curves of constant pressure such as CD are plotted by 
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the methods of the last example, which ^ve the mcrease in 
entropy accompanying any rise in temperature, as from 

C to D. The point C represents the state of a pound of dry 
st«am at normal temperature corresponding to its pressure. 
The steam contains in that condition a certain amount of 
heat which is different from the amount contained in a simi- 
lar amount of dry steam at any other pressure. The line CD 
represents the addition of heat to the normal amoimt of heat 
at C. The value of 5 to be used in the equation for the line CD 
is the specific heat* of superheated steam at constant pressure; 
that is, it is the number of thermal units reqmred to raise a 
pound of steam of pressure corresponding to a certain tem- 
perature, by one degree Fahrenheit. If the specific heat is 
constant for all pressures and temperatures then one value 
is to be used in all cases. If it changes when the pressure 
changes then a different value must be used for each pressure. 
If it changes as the temperature changes, then for a given tem- 
perature range a mean value must be found which, when mul- 
tiplied by the temperature range, will give the quantity of 
heat required to cause the rise of temperature involved. 

In any case, since the superheat indicated by the ;irea 
beneath CD is the heat necessary to raise dry steam of the tem- 
perature and pressure indicated at C, and does not apply to 
the superheat for any other pressure, the line CD is properly 
called a " line of constant pressure." 

Lines of constant heat such as those marked 1200-1190, 
etc., may be drawn as follows: 

The total heat above 493° abs. in dry steam at C has been 
found to be 1169.6 B.T.U. Let it be required to plot a line 
of which each point shall represent superheated steam con- 
tainii^ 1200 B.T.U. per pound. One point of the line may 
be found on the constant- pressure line CD. The heat at C 
being 1169.6 B.T.U-, it will be necessary to add 30.4 B.T.U. 
to dry steam in order to produce superheated steam contain- 

*The value ot the specific heat used in plotlinj the curves in the diagram 
on the back cover of the book is 0.5S. 
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ing 1200 B.T.U. per pound. If S is the specific beat at the 
pressure represented by CD, then the rise of temperature corre- 
sponding to the addition of 30.4 B.T.U. per pound may be 
found from the equation 

30A=SiTg-Tc}. 

Calling the value of S equal to 0.57 as before, 

30.4=0.57(7'g-750), 
or 

Tc =803.3 degs. 

This fixes one point of the constant-heat curve for 1200 
B.T.U- per pound. A similar method may be followed along 
all constant-pressure curves for finding the required series of 
constant-heat curves, 

EXAMPLES IN THE USE OF THE HEAT DIAGRAM. 

Let a pound of water be at temperature 600° abs., repre- 
sented by the point A, page 49. It contains sufficient heat 
above the melting-point of ice to have raised its temperature 
from that point, or 493°, to its present temperature of 600"^, 
and during that rise in temperature its entropy value has 
been increased from the arbitrarily assumed zero to the value 
0.20. Let heat be added to the water sufficient to raise its 
temperature to 750° abs. The quantity of heat necessary 
may be found from the steam-tables by subtracting the heat 
of the liquid at 600° from that at 750°. 

Thus, heat of liquid at 750 =258.6 B.T.U. 

" " " " 600 =107.2 B.T.U. 

Heat involved, represented by the 
area beneath the curve AB, =151.4 B.T.U. 



Dig,, z.d by Google 



WORK DONE IN HEAT TltANSFORMATlONS. 65 

Or this might have been found thus: 

Temperature range -750° -600° = 150°. 
Mean specific heat of water between the temperatures 
-=1.008. 

^at of liquid 

=Hi =S{7'fl-T^)=1.008X150-151.4 B.T.U. 

(a) If the pound of water were part of the contents of a 
steam-boiler carrying 57 pds. pressure per sq. inch (correspond- 
ing to 750 deg.) and a valve were suddenly opened admitting 
the water into a large tank in which there was a pressure of 
only 2.8 pds. abs. (corresponding to 600 deg.) the heat in the 
water would instantly cause vaporization of the water at the 
lower pressure and the formation of a great amount of steam. 
If the valve were opened suddenly enough, the liberation of 
heat energy caused by the reduction in pressure would occur 
without transfer of heat to the surroundii^s, excepting as 
the Iatt«r were disturbed by the external work accompanying 
the formation of steam. The process would then be adiabatic 
and represented by the line BEi. The heat available for the 
formation of steam at the lower temperature and pressure 
would be measured by the area ABEiA and would be equal 
to the heat represented by the area beneath AB, down to 
alisolute zero of temperature, minus that represented by the 
area beneath AEt. Thus, the heat liberated from the water =■- 
ff„ = 151.4 -(entropy change from A to £,) X600= 151.4- 
(0.42-0.20)600 = 19.4 B.T.U. per pound. 

If the boiler contained 40,000 pds. of water and 450 cu. ft, 
of steam at 57 lbs, per sq. inch the weight of the steam present 
*ould be 450-^7.45=60 pounds, and each pound would liber- 
ate heat represented by the area ABCEA, or 202 B.T.U., 
approximately. The total heat liberated by 60 pounds steam 
would be 60X202 = 12,120 B.T.U., or 9,430,000 ft.-pds. 

The heat liberated by the water would be 40,000x19.4- 
776,000 B.T.U., or about 600,000,000 foot-pounds of enei^. 
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The boiler pressure assumed in the present example is 
from one third to one quarter of that commonly carried on 
boilers of the Scotch Marine type, but it gives a means of grasp- 
ing the reason for the disastrous effects of a boiler explosion, 
where the contents of a boiler are allowed to expand instantly 
to a lower pressure and temperature. It is evident, also, 
that the destructive power is almost wholly due to the large 
quantity of water carried in the boiler and not to the steam 
present at any one time. 

(6) Formation and adiabaiic expanswn of steam. — If, instead 
of being allowed to expand from B to E^, the water were evapo- 
rated into steam by the addition of heat along the isothermal 
BC, the heat necessary to entirely evaporate a pound of water 
would be represented by the area beneath the line BC, and 
extendii^ down to the absolute zero of temperature. The total 
amount of heat contained by the pound of steam, above 49S 
degrees absolute, would then be the sum of the heat of the 
liquid and that of vaporization, or 258.6 + (entropy change 
from B to Cx 750)= approximately 258.6 + 1.215X750 = 1169.6 
B.T.U. 

The cycle under consideration, however, does not begin at 
493 degrees absolute, but at 600 degrees, indicated at the point 
A. The heat that has been added to that possessed by the 
water at -<4 is 

H„+ff„ = 151.4 + 1.215x750 = 1062.4 B.T.U. 

This is the heat represented by the area beneath the broken 
hne ABC down to absolute zero of temperature. 

If, now, adiabatic expansion should occur down the line CE, 
that is to the lowest available pressure and temperature (that 
at E), the heat available for transformation into kinetic enei^ 
would be that represented by the area ABCE, or 

19.4+entropy change along BCx(750-600) 

= 19.4 + 1.215x150 = 201.7 B.T.U. 
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The heat rejected into the condenser would be that beneath 
the Une AE, or 

Heat rejected =change of entropy along ^^X600 = (1.64-0.20) 
X600= ^.64 B.T.U., approximately. 

The efficiency of the cycle is 

Heat utilized 201.7 
Heat supplied "1062 "^^■^^■ 

The working substance, after expansion as steam followed 
by condensation, would again be in the state of water, repre- 
sented by the point A, and would be ready to be heated agun 
to the boiUng-point, evaporated, and carried through the cycle 
of operations as before. 

If not enough heat had been added to completely evaporate 
the water into dry steam, the state point would have reached 
some such point as H, and the quality of the steam, or per- 
centage of dry steam present, would have been equ^ to entropy 
Bff -^entropy BC. On the diagram the quality and also the 
heat contents above 493 degrees absolute can be found by inter- 
polation between the quality curves and the total heat curves 
respectively. 

(c) Formation and expansion of superheated steam. — After 
dry steam has been formed, thereby bringing the state point 
to C, the addition of further heat results in "superheated 
steam," or steam having a higher temperature than that at 
which it was generated, and correspondii^ to the pressure at 
which it exists. 

The curves for constant-pressure and constant-heat con- 
tents for superheated steam have been explained. 

Suppose heat to have been added to the dry steam at C 
until the temperature rises to that at D, or 920 degrees absolute. 
It has been shown that if the specific heat of superheated 
steam at the pressure under consideration is 0.57, the heat 
necessary to raise the temperature of dry steam from 750 to 
920 degrees will be 

//.=0.57(920-750)=97 B.T.U. 
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The total heat above 493 absolute in the pound of steam at 
D is approximately 258 + 91 1+97 ==1266 B.T.U., and this is 
represented by the area beneath the broken line XABCD 
down to absolute zero of temperature. 

Suppose the pound of steam to expand adiabatically from 
D to the condenser temperature and pressure at E'. The 
heat in the steam above the starting temperature at A is, 
approximately, 

Ht - 151 +911 +97 = 1159 B.T.U., 

and this is represented by the area beneath ABCD down to 
absolute zero. But only the heat above the horizontal line 
AE' is available for transformation into kinetic enei^, and 
this equals 

1159- (change of entropy along AE') x600 

= 1159-1,54x600 = 236 B.T.U. 

The efficiency of the ideal cycle is, then, 236-1159=0.204. 
It is evident that the efficiency of the ideal cycle is not greatly 
increased by adding the above amount of superheat to steam of 
the low pressure assumed in the example. The superheat 
would, however, decrease the losses by condensation, friction of 
steam, etc., and so increase the efficiency of the actual cycle. 

It is to be noted that the steam would remain superheated 
during expansion until reaching the point S, when it would 
become just dry and saturated. Below S expansion would 
cause condensation, and at E' the quality of the steam would 
be represented by entropy AE' -i-AF. 

(d) Suppose superheated steam at Z>, containing 1159 B.T.U. 
per pound above the starting-point at A, to expand along 
some path such as DE", instead of along the adiabatic DE', but 
falling finally to the same lower pressure as before (note that 
the line FE" represents the same pressure as does the horizontal 
AF). The portion of the point E" indicates that the steam 
contMns, after expansion to E", 1145 B.T.U. per poimd, above 
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493 d^rees absolute. Since the heat of the liquid at A is 
107 B.T.U., approximately (from the steam-tables), the heat at 
E" above that at A is 1145-107-1038 B.T.U. 

The steam now falls in temperature, at the condenser pres- 
sure, to the lowest available temperature, that at F, and in so 
doing gives up the heat beneath E"F, which equals 1 145 - 1 124 =■ 
21 B.T.U. The heat at F above that at A then equals 1038-21 
= 1017. 

The total heat above A which was available at D before 
expansion was 1159 B.T.U. Of this, 1017 B.T.U. are to be 
rejected, and the heat utilized is 1159-1017 = 142 B.T.U. 

The efficiency of the cycle is 142-^1159=0129. 

The falling off in efficiency is due to the fact that the steam 
has been prevented from attaining the lower temperature 
attained after adiabatic expansion, and that no steam has been 
condensed during the expansion. Thus it contains, at the 
end of expansion to the lowest available pressure, a very much 
larger amount of heat than it contained after adiabatic expansion 
to E', and that larger amount of heat has to be rejected to 
the condenser. The conditions tending to prevent adiabatic 
expansion will be taken up in the next chapter. 

The temperature-entropy chart at the back of the book 
forms a graphical steam-table, calculated by means of the 
principles stated in the foregoing pages. 

The curve marked "Pressure and Temperature Curve" 
renders it possible to find the absolute temperature for any 
of the absolute pressures at the top of the chart. Having 
found the temperature corresponding to any pressure the 
specific volume of dry steam at that temperature may be 
found from the terminations of the constant-volume lines in 
the dry-steam line. Thus, let it be required to find the abso- 
lute temperature corresponding to 120 pounds absolute pressure. 
Passing down the line marked 120 at the top of the chart until 
the pressure-temperature curve is reached, the intersection is 
at the height corresponding to 802 degrees absolute, as nearly 
as can be read on the chart. By consulting steaoa-tables the 
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figure given ie 801.9 degrees. For finding the specific volume 
(cubic feet per pound of dry saturated steam) the hne of 802 
degrees intersects the saturation curve at a point lying between 
the lines of constant volume for 3 and 4 cubic feet. The short 
lines intersecting the saturation curve mark oiJ quarters of 
cubic feet in the portion of the chart under consideration. At 
lower temperatures and greater specific volumes the distances 
between the volume curves represent greater differences. The 
intersection ^ving the specific volume for 802 degrees absolute 
is just above the line marking 3.75 cubic feet, and interpolation 
pves about 3.7 cubic feet as the volume required. In the 
steam-tables the volume is given as 3.71 cubic feet per pound. 
This is, of course, for dry steam of quality 100 per cent. If 
it is desired to know the specific volume for any other quahty 
of steam, it is simply necessary to find the intersection of the 
same temperature line with the quality line desired, and to 
interpolate between the volume hnes for the specific volume. 
Suppose the specific volume of steam of 120 pounds absolute 
and 95 per cent quahty is desired to be known. Passing to 
the left from the saturation curve along the line of 802 degrees 
absolute, until a point is reached half-way between the curves 
of 90 and 100 per cent quality, the specific volume is found 
to be 3.5 cubic feet. 

While the temperature-entropy form of heat-diagram is 
most admirably adapted to the graphical illustration of heat 
changes, and of thermodynamic problems in general, and should 
be thoroughly studied by the student, the diagram proposed 
by Dr. MolUor having entropy as ordinates and thermal 
units as abscissae is more readily used in the solution of such 
problems as come to the engineer. The Mollier diagram at 
the back of the book will be found to facilitate the problem 
work called for in the following chapters. 
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By means of the principles stated in Chapters II and III, 
the heat drop accompanying the expansion of steam may be 
calculated, and from this may be found the steam velocity 
that would result if all the heat given up during expansion were 
realized as kinetic energy in the jet of steam. It was shown 
in Chapter II that if Hi and H2 represent respectively the 
heat contents of the steam, per pound, before and after expan- 
sion through an orifice or a nozzle, the velocity equation may 
be written 

^-778(ff,-Hj) (11) 

The velocity of flow may be calculated from the following 
equations : 

Let 3i and 92 represent the heat of the liquid at the higher 
and lower temperatures, respectively. 

Let E represent entropy changes as marked on Fig. 21 and 
indicated by the subscripts used with the letter E. 

Let H, represent the heat of vaporization present in steam 
of quality x = l. 

Let Ti and Ta represent absolute temperatures of dry 
saturated steam at boiler pressure and exhaust at condenser 
pressure, respectively. 
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Let T3 represent the absolute temperature to which the 
tteam is superheated. 

For moist steam (of quality—x), or dry steam (of quality 
:t-l) 

^-778|5,-98+i;ff.-I's(Ei+lE,-Ej)).. . (12) 

For superheated steam, calling the specific heat S, 



--778 5,-fe+H,+S(r3-T,) 



-J'j(£i+B.+51og.p*-£2)|. 



(13) 




Experimental and mathematical investigations indicate in 
general that the pressure within an orifice through which steam 
is flowing does not fall below about 0.57 or 0.58 of the initial 
absolute pressure. It seems that the pressure falls to a value 
corresponding to the heat conversion that will give to the steam 
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immediately in the narrowest section of the orifice a velocity 
about the same as that of the disturbance called "sound," 
or about 1400 or 1500 feet per second,* Any farther fall in 
pressure and temperature must take place beyond the narrowest 
section, but the velocity attained in the narrowest section 
determines the weight of flow, per unit of time, that it is 
possible for a given initial pressure to produce. 

The general explanation of this phenomenon is found in 
the development of Zeuner's equation given on pages 36 and 
37, which indicates that for any fluid flowing through an orifice, 
the fall of pressure immediately in the orifice is limited to a 
fraction of the initial pressure depending for its value upon 
the ratio of the specific heats of the substance at constant 
pressure and at constant volume, respectively. In the case of 
steam the pressure falls to that value which gives the maxi- 
mum possible flow, by weight, and does not fall below this 
pressure until after the steam leaves the smallest portion of 
the orifice. The maximum flow from a nozzle leading from 
a simple orifice may occur when the exit or "back" pressure 
is higher than 0.57pi, as shown on Plates IV, V, and VI; but 
in these cases the pressure in the orifice is lower than that 
at exit from the nozzle (see Fig. 53), and the fall of pressure 
in the throat determines the weight of flow. It is to be noted 
in this connection that the limiting velocity of 1400 to 1500 
feet per second applies to only the narrowest portion of the 
nozzle, and that farther fall in pressure beyond this point may 
very con^derably increase the velocity of the stream. 

Referring to Plates IV, V, and VI, curves No. 2 show experi- 
mentally determined weights per second flowing from orifice 
No. 2, the entrance to which Ls rounded. Assuming that in each 
case the orifice pressure is 0.57 of the initial pressure when the 
maximum weight of steam flows through the orifice, calculations 
according to the equation on page 62 for moist and for dry 
steam give the following results: 

* TLo rate of wave propagation depending upon the tempersture in tlie 
orjflce. See "Outflow Pheoomt-na of Steam," Paul Emilen. Munich, IS03, 
It Oliienbourg. 
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Table No. 1. 





Orific 


Weiaht of 


Flow, Pounds per Second. 


^.OJtuUW ^ 


Absolute 


Obterved. 


Calculated 


^T's^'ond' 
at SmullesI 


'"A"- 


B.E,«aUo= 


Bv N>ipier-s 
FormuU. 


'=;roS°" 


132.3 

117.6 
102,9 


75.2 
67.0 


0.063 
057 

0.050 


0,06:9 
0.0572 
0.0500 


0671 

0596 
0.0522 


1470 
1495 
1490 



The experiments upon which the above table and the curves 
on Plates IV, V, and VI are based were made by Professor 
Gutermuth, of Darmstadt, and were published in the Zeit- 
schrift des \'ereiiie8 Deutscher Ingenieure, Jan. 16, 1904. 

The following specimen calculation shows the method of 
using the equations on page 62. Takii^ the conditions in the 
first ca^ in the above table, 

7*1 = 132.3 pds. absolute per sq. inch; 
g, =heat of h quid at Pi =319.3 B.T.U. ' 
H,= " " vaporization at Pi =868.4 
Ei+E =.specific entropy of steam at Pi = 1.573; 
Pa = pressure in the orifice, pds. abs. per sq. inch = 75.2 pounds; 
ga^heat of liqu d at P2 = 277 B.T.U. ; 
r.'^absolute temperature at P2 = 768° F.; 
£2 = specific entropy of water at P2 = 0.446; 
Specific volume of dry steam at P2 = 5.75 cu. ft. 

From equation (12), for moist or dry steam, on page 62, 



Ui+H„ = 1188 B.T.U.; 



from 



\'^^2g = 77S{qi-g2+H,-T2{Ei+E,-E2)), 
which V = 1470 ft. per second. 



Calculating the quality of steam after expanding adiabatic- 
a!ly from 132.3 to 75.2 pounds absolute, the specific volume 
at the lower pressure will be 0.965x5.75=5.55 cu, ft. 

The steam flows through an orifice of 0.0355 in. 
tional area at the velocity 1470 f-. per second, 
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Since for steady flow 

Volume discharged = area of orifice Xveloeity, , 
the volume flowii^ per second = 0.0355 -h 144 X 1470 = 0.362 cu. ft., 
and since each cubic foot weighs ^-=^ pounds, the weight flowing 

per second is -^ -. -^0.0629 pounds. 

The calculation for the weight of flow through an orifice 

may be simplified by an approximation to the area of the heat 
diagram, as follows: 

Assuming that steam of quality Tfij expands adiabatically 

along the line KA (Fig. 22), the heat given up is represented by 
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the area FHXAF lying between the limits of temperature Ti 
and Ts. This area is equal to the mean width of the area mul- 
tiplied by the range of temperature, or since FH is nearly 
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a stmght line, the heat causing flowX(7'i— T2)=approxi- 
mately 

(entropy HN +entropy FA) 

2 (7*1 -7*2). 

Taking the data in the second line of the table on page 64, 
Pi =117.6 pds.abs. 
ri=800degs. abs. 

P2=pressure in orifice, or0.57Pi=67 pds. 
jr2 = 761degs. abs. 
Assume that the quality of the entering steam is 100% or 
that -V coincides with M, then 

Entropy flJV -1.093 

Entropy i='4«0.053 + 1.093 = 1.146 



Entropy HN-i-FA 
I 

2 



= 1.12 entropy corresponding to mean ordinate. 



800-761=39 degs. 

19X1.12 = 43.6 B.T.U. 



Velocity = \/778X43,6X64.4 = 1480 ft. per second. 

The velocity calculated on page 64 is 1495 feet per second. 
The specific volume of steam at the orifice pressure of 67 pds. 
is 6.4 cu. ft. Cross-sectional area is 0.0355 sq. inch. 

The weight flowing per second is then 

0.0355x1480 „^.^ 

144X6.4 =0.0o7 pound. 

Let area of orifice in sq. inches be called A ; 

specific volume (cu. ft. per pound) of steam after expand- 
ing to Pa ( =0.57P|) be called i-a; 
entropy values be designated by letter E with sub- 
scripts, that is, as E, and B2, Fig. 22. 
temperatures corresponding to Pi and 0.57 Pi be called Ti 
and T2 resi^ectively. 
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"Hie weight flowing per second =■ 



~ViE,+E2)(T,-T2) (14) 



A 

"vaXlM" 



The formula may be extended so as to include cases in which 
superheated steam is used, by adding to the expression under 
the radical the equivalent of the superheat in the steam per 
pound. 

The volume Vs after expansion to 0.57Pi will be very nearly 
96.5% of the specific volume at the pressure 0.57Pi. This 
may be verified by means of the heat diagram by finding 
the quality of steam after the expansion stated. 

Calculation of Rate of Flow and of Reaction against the Out- 
flow Vessel. — If the reaction due to a jet delivering a given 
weight of substance per unit of time be known the velocity 
of the jet can be computed. 

The velocity of a jet is produced by a force ui^ng the sub- 
stance onward, and the work done by this force is the equivalent 
of the heat given up by the steam during its fall in pressure 
and temperature as it flows through the orifice, or nozzle. 

Nature of the Reaction. — A jet in flowing from an orifice 
in a chamber suspended by a flexible tube as in Fig. 23, 
causes the chamber from which the jet flows to move in a 
(flreetion opposite to that of the flow of steam, and to assume 
some new position, as indicated by the dotted Unes. While 
the force holding the chamber in this new position is the equiv- 
alent of the force ui^ng the jet onward, and may therefore 
be used as such in computing the velocity of the jet, the true 
nature of the influence producing the reaction is not brought 
out by such an explanation. 

If a force could be conceived to act back through the stream 
and thus push the chamber into the new position, it would be 
necessary to conceive also of a point of application of the force 
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to the object moved — that is, to the chamber from which the 
jet flows. If the force were applied to the steam within the 
chamber, the unit pressure within would be increased. This 
is contrary to observation, and, besides, such an increase in 
pressure would apply to all sides of the chamber, and no un- 




balanced forces would arise to cause displacement of the chamber 
as a whole. 

It would be difficult to conceive of a force acting in a direc- 
tion opposite to that of the flow of steam, and being applied 
to the edges of the orifice in such a way as to affect the position 
of the chamber. 
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Without speculating further, the removal of pressure at the 
entrance to the orifice allows the steam about the entrance to 
expand in volume, to fall in pressure and temperature, and to 
be forced through the orifice by that part of the intrinsic energy 
of the steam itself which is given up during the expansion, and 
converted into the kinetic enei^y of flow. The diiiiinution of 
pressure about the entrance to the orifice while the, pressure on 
the other surfaces of the interior of the chamber remains the 
same as before results in an unbalanced force within the vessel, 
causing displacement of the vessel as a whole. Equilibrium is 
restored only when the elasticity of the supporting tube causes 
a force sufficient to balance the resultant of the internal pres- 
sures.* 

If a conically divergent nozzle of suitable proportions be 
ai.lded to the orifice on the side of the chamber, the expan- 
sion of the steam after it leaves the orifice may, with cer- 
tain initial pressures, result in a higher velocity of flow in a 
given direction than occurs after expansion through a simple 
orifice. If the steam, before leaving the large end of the nozzle, 
expands down to the external pressure at the exit from the 
nozzle, then the velocity of flow will be as great as it is pos- 
sible to attain with the pressures involved and the particular 
nozzle in question. 

The question arises, since an increase in velocity must be 
accompanied by an increased reaction, where does the addi- 
tional unbalanced force find its point of application? Assum- 
ing that for a ^ven nozzle and given initial pressure definite 
orifice conditions exist as to pressure and rate of flow, the 
conditions of expansion in the part of the nozzle beyond the 
orifice may be supposed to not affect the orifice conditions. 
Taking two sections indefinitely near to each other, at which 
pressures p and (p-dp) exist, a pressure p' acts in the direc- 
tion AC, normal to the nozzle surface, upon each elementary 
area, and may be resolved into two components, AB and BC, 
perpendicular and parallel, respectively, to the direction of flow. 
If the nozzle sides make an angle a with the direction of flow 

* Neglecting ihe weight of tile parts. 



Dig,, z.d by Google 



70 



STEAM-TURBINES. 



the components along and perpendicular, respectively, tu that 

direction are (Fig. 24) : 

BC = p' sin a, 
•^^AB^j/ cos a. 
If the rate of pressure fall along the nozzle be assumed, 
the integration of the above expressions over the interior sur- 
face of the nozzle will give values for the components AB 
and BC, the latter representing the reaction against the nozzle. 
Further analysis would not assist in the following application 
of the reaction principle to problems in the flow of steam, 
since the pressures in the nozzle vary in a complex manner; 






Fio. 24. 

but the above indicates the general character of the forces 
involved. It is evident that the reaction accompanying flow 
through a straight nozzle or pipe would not differ from that 
through a simple orifice, except that the rate of flow would 
be affected by the friction caused by the nozzle walls. 

The development of equation 14 shows that the maximum 
possible velocity due to adiabatic expansion from Pl to Pz is, 
approximately. 



r-J 



50103 *^' ^^'V i-ra) 



-15SV{Ei+E2}{T,-T,), . . . (15) 
where El and Es represent entropy changes, as stated on 
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If the expansion is that occurring in an orifice, the range 
of pressures is between Pi and 0.57Pi, and at the higher pres- 
sures, that is between 200 pounds and 100 pounds, the value 
of the expression under the radical is from 9.60 to 9,70. 
Below 100 pounds the value is from 9.0 to 9.4. Taking aa 
average value of 9.5, the hmiting velocity in the plane of an 
orifice is, approximately, 

158x9.5 = 1500 ft. per sec. 
The weight of flow may be calculated by using the follow- 
ing formula: 



W- 



U2 X 144 ' 



where A = area of orifice in square inches; 

y2 = 1450 for initial pressures below 100 pde. abs.; 
(^2 = 1520 for initial pressures above 100 pds. abs.; 
Va^cubic ft, per pound at pres. of /'2=0.57Pi. 

For example, 

Let Pi = 155 pounds per sq. inch absolute. Then Pa=" 

0.57X160=88 pounds. 

«2 = 4.96. 

Let A = 0.0275sq. in. 

, 0.0275X1520 ^„^^ 
Weight per second = —tt . . q^ -0.0585. 

This result may be compared with the result for 155 pounds 
pressure on page 92. 

A more satisfactory formula, however, is derived from 
the velocity as given on the preceding page, as follows: 



V = 158\/(£:i+£:2)(7'i - Ti), 
15SA 



=tit^V(Ei+E-2KTi~T2). 
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This will be found to give results agreeing very closely with 
the actual weight of flow from orifices with rounded entrance. 

The statement is frecjuently made and seems to have been 
largely accepted, that steam flowing through a simple orifice 
cannot attain a velocity greater than about 1500 feet per 
second. This is probably true for the position immediately 
at the smallest section through which the steam passes, but 
it should not therefrom be concluded that the total kinetic 
energy possessed by a jet from an orifice is limited to the amount 
corresponding to that velocity. It seems that in flowing 
through a simple orifice steam gives up energy until it attains 
a velocity corresponding to about that stated, but that after 
that state of activity has been reached, further acceleration 
does not occur until the narrowest section has been passed. 
As soon as the steam reaches a point Just beyond that section, 
however, it is free to expand to the pressure of the medium into 
which the orifice leads. The jet issues in a well-formed stream 
in a given direction, and as it falls in temperature the heat 
liberated tends to further accelerate the jet in the direction 
of motion. If there is no directing nozzle beyond the orifice, 
however, the jet begins to spread soon after leaving the orifice, 
and hence its kinetic energy is ^ven up in directions other 
than that of the original jet. The same amount of energy 
is given up by a jet from an orifice as from an expanding nozzle, 
but the latter, if properly proportioned, serves to contain the 
steam during expansion so that the maximum possible velocity 
in a given direction is obtained with little vibration of the 
atmosphere and consequent loss of energy. 

The experimental work discussed in Ch. VI indicates that 
much higher velocities than ordinarily supposed are possible 
by the use of orifices, and it has been found in building certain 
turbines of the impulse type that fully as good, if not better, 
results are obtained in the lower stages of turbines by the use 
of orifices instead of nozzles. The latter are especially suited 
to pressures above 70 or 80 pounds absolute. 

In the ideal case, used for predicting results to be expected, 
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the following steps may be taken towards calculating the 
weight of flow and velocity. 

(a) Find the weight of flow caused by the fall in preasure 
in the orifice to 0.57Pi, as in the equation 



(b) rind the velocity corresponding to the heat given up 
during drop in pressure to that existing at the exit of the orifice 
or nozzle, or P3, from equation (15) ; 



V = l5SV{Ei+E^){Ti-T3), 
where E3 is the entropy change (marketl E2 on the diagram 
Fig. 22), and T3 is the corresponding absolute temperature. 

(c) Correct these by experimentally determined coefficients 
for friction and other losses, as will be explained in the following 
chapter. 

(d) If the weight of steam flowing through the passageway 
per unit of time has been determined experimentally, or if the 
reaction has been so found, it may be useful to employ these 
values for calculating the actual velocity. 

The reaction in pounds has been shown to equal the weight 
of flow per second times velocity in feet per second divided 
by g (=32.2). The equation for calculating the reaction may 
be written 

R-^-^='^^\iE, + E^){Ti-Ts)\iX~\(E,+E2)(Ti-T2)\i ' 
= ^i(E,+E3)(B,+£2)(r,-7'3){7',-7'2)l*. (16) 

In the above, -■l=area of least cross-section of passage, in 
square inches. 

»2 = specific volume of steam at 0.57 Pi, in cubic feet. 

Values of v, E, and T may all be taken from the heat dia- 
gram directly, with sufficient accuracy for engineering pup- 
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An equation for calculating the reaction of a je^ of steam 
flowing into the atmosphere was developed about the time when 
Mr. George Wilson's experiments were made (1872), and al- 
though the equation must be regarded as empirical, it expresses 
with remarkable closeness the results that have been obtained 
as to the reaction of steam-jets discharging into the atmos- 
phere. The reasoning made use of in developing the equation 
was somewhat as follows; 

If steam be allowed to expand behind a piston in a cylinder 
from Pi to 0.57Pi, adiabatically, the mean effective pres ure 
will be about 0.33Pi. If a stream capable of exerting this mean 
pressure were allowed to flow through an orifice, it would be 
able, according to the principles governing the impulse of jets 
of fluid, to exert an impulsive pressure, and therefore a leac- 
tion, of twice the pressure corresponding to its static head, or 
of O.66P1. Besides this pressure the reaction would be in- 
creased by the addition of the pressure in the orifice, or 0.57/*i, 
but as the flow is into the atmosphere, and Pi is in pounds 
absolute, the atmospheric pressure must be subtracted. The 
expression for the reaction then becomes 

R - Pi(0.66+0.57) - 14.7 = 1 .23Pi - 14.7 lbs. per sq. in. of orifice. 

The following table * shows the degree of approximation to 
experimentally determined reactions which can be attained by 
use of the equation. The experiments were made by Mr. George 
Wilson with the apparatus shown on page 140- 

Further calculations by means of the formula just developed 
are given in Chapter ^'I. If it b2 attempted to apply the 
formula to cases of discharge into a condenser maintaining 
conditions of partial vacuum, it will appear that the results 
are not in accordance with calculations made on the basis of 
heat given up. The maximum velocity of flow of a jet dis- 
charging into a perfect vacuum would be, from the formula, 
that corresponding to a reaction of 1.237'i. For steam of an 

* Proceedings of Engineers and Shipbuilders of Scotland, 1874-5 



Dig,, z.d by Google 



CALCULATION OF VELOCITY AND WEIGHT OF FLOW 75 





Reaction. OrifiM 




OkulB'td 


Pounds per 

Square Inch. 


1.0956 Sq. Ina. Ares, 
by Experinwnt. 






16.40 


3 M 


3.63 


1,025 


18.10 


6 62 


6.78 


1,040 


19.98 


9.86 


10.05 


1,019 


23.10 


14.75 


14.92 


1,011 


24.85 


17, S7 


17,37 


1.005 


25.60 


18 32 


18,10 


0,988 


27.30 


20,84 


20,68 


0,992 


39.40 


38.00 


37.00 


0,973 


64.40 


59.00 


59,00 


1,000 


73.20 


85,11 
ReutioD. Ohfice 
0.4869 Sq. In. Are.. 


82,60 


0,970 


22.80 


8.10 


8.21 


1,013 


42-20 


18.22 


18.14 


0.995 


65.40 


32,50 


32,04 


0-986 


77.00 


39 55 


38.51 


0.973 


84.90 


44.00 


43 72 


0.994 


93.00 


48.50 


48.58 


1-002 


112.70 


5S,30 


60,38 


1-034 


65,70 


26.67 


26,20 


0.983 


84.70 


44 39 


43.56 


0,983 


113.70 


59.60 


60,90 


1.023 




Sum 




20.008 




Average of 20 


experiments 


1,0004 



initial pressure of 160 pounds absolute per sq. in., discharging 
into a vacuum of 28 ins. tlirough an orifice of 0.25 sq. in, cross- 
sectional area, the maximum weight of flow per second would 
be 

^^^Llxp5^2.l5x42=0.55 pds. 

The reliction would be, by the above equation, 

fi = {1.23Xl60-1.0)0.25-49 pounds, 

and the velocity 



Rg 49X32.2 



^ W 



-^ ■ - ■ , -- ■=2870 ft. per second. 
0.00 '^ 



This result may be compared with that obtained by use of 
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the approximatioD to the fundamental equation for velocity, 
eq. ^15). If complete expansion occurs, in a suitable nozzle, 



- 158 X 25.5 = 4030 ft. per second. 

Tt will be shown in the following chapter how calculations 
made by the last used equation may be modified by a suitable 
coefficient for friction losses in the nozzle or orifice, so as to 
predict results to be expected in practice. 
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■ CHAPTER V. 

VELOCITY AS AFFECTED BY FRICTIONAL RESISTANCES. 

Referring to Fig. 25, let a pound of steam be at pressure 
Pi and volumeui, and let its adiabatic expansion be indicated 
by curve p|T;i -para. At p^v^ partial condensation of the pound 




of steam has occurred, and there exists a volume V2 of steam, 
and a certain amount of water, the steam and water together 
weighing one poimd. If the steam contained at piVi the heat 
Hi, and contains at pafa the heat H2, the increase of velocity 
of the steam that could occur, due to the fall from piVi to 
paVa, is 

7, = i64.4X778x(ffi-H2)i*. 
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Now let the pound of steam expand from the same initial 
condition pivi to paus, in which 113 is greater than Vj. Since 
the final pressure p2 is the same for both cases of expansion, 
the steam at the condition of greater volume per pound, Vg, 
is more nearly dry than at V3. This means that after expansion 
to Vs the steam possesses more energy than after expansion 
to V2, or, in other words, it has given up less of its enet^ than 
was given up by expanding adiabatically. Having reached the 
lowest available pressure and temperature at p2, the steam 
cannot give up any further energy, because it cannot fall any 
further in temperature. The shaded area (Fig. 25) represents 
the difference between the enei^ {in foot-pounds) given up 
by the steam in the two cases. Let the quantity of heat remain- 
ing in the steam at P2V3 be H2'. This is greater than H2 be- 
cause less condensation has occurred during the fall from piVi 
than occurred during adiabatic expansion. 

The velocity of the steam after falling to psvs is 

y3' = |64.4x778X(Hi-H2')!*. 

The velocity after adiabatic expansion to P2V2 is 

V3=[GiAX778X(Hi-H2)]*. 

The difference between the squares of the velocities, or the 
loss of energy, is evidently represented by 

Remembering that the quantity of steam involved is one 
pound, the loss of energy is 



^'-778(ff,'-H,). 
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Let N, Fig. 26, represent the initial condition of the pound of 
steam (at pi^i in the pressure-volume diagram), and let 
expansion occur adiabatically along NA to the temperature 
corresponding to p2- The amount of steam present at A will 
be FA ^FL pounds, and the amount of water will be 1 —FA -t- 
FL pounds. The quality of the steam will therefore be 
x=FA-i-FL. If expansion occurs in a passage which opposes 





h/ 


h 


\m 








/ 










f/ 
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m\ 
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\L 


1 


Jx 


2 \ 



frictional resistance to the flow, the steam ^ves up part of 
its energy to overcome the resistance, and the work thus done 
appears as heat in the walls of the passageway, or in the particles 
of the steam itself. Each indefimt«ly small drop in tempera- 
ture is accompanied by this giving up of heat to the surround- 
ings of the steam, and the surroundings give back heat to the 
steam as soon as the latter falls below the temperature to which 
the surroundings have been heated. This giving back of heat 
to the steam re-evaporates the water of condensation resulting 
from adiabatic expansion and raises the quality of the steam 
so that expansion occurs along some such line as NX. If 
expansion occurs through a small hole into a comparatively 
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large chamber, as in a throttling calorimeter, the final velocity 
of the steam is negligibly small, and the work of friction is all 
spent in increasing the internal energy of the steam during 
its fall in temperature. Thus, as practically no heat escapes, 
the expansion follows the constant heat curve Y. At any 
lower temperature, as at FL, the quantity of heat present is 
the same as was present at N, but no external work has been 
done; and if FL is at the lowest available temperature, the 
whole of the heat must be rejected and cannot be usefully 
employed. The case is like that of the water in the tail-race 
of a mill — it can fall no farther and hence can give up no more 
energy, although the mass of. water present is the same as it 
was as it flowed in the penstock. The total heat above the 
starting-point F in a pound of steam at condition N, Fig. 23, is 

Hi^ar^&GFHNADG. 

If unresisted adiabatic expansion occurs along NA, the quantity 
of heat usefully employed in giving velocity to the steam will be 
that' represented by area. FHNAF. 

The heat rejected along the line AF of lowest available 
temperature will be 

H2 = &re&GFADG. 



If the work of friction in the nozzle should be sufficient to cause 
the steam to fall in temperature along the constant heat curve 
Y, the whole of the heat available at N would exist in the steam 
after falling to Z, and would be rejected along the line ZF, 
The heat so rejected would be 

Ha' = area GfZJG, 

which equals Hi, the original heat in the steam at N. The 
total amount of heat available at N would thus fall in tempera- 
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ture without doing any work towards increaeing its own velocity 
— that is, the velocity at Z being Fa', 

F2'=i64.4x778(//i-H2')!*=0, 

since Hi =H/. 

The work of friction is represented by the area ANZA. 
It is obvious that the work of friction causes the entropy of the 
steam at its lowest temperature to be greater than it would be 
if adiabatic expansion occurred from N to A. The heat re- 
jected is therefore made greater by an amount represented by 
the area ADJZA, which represents the actual loss of kinetic 
energy due to friction. The work of friction represented h\ 
area ANZ is all returned to the steam, and serves to increase 
its dryness fraction, but in doing so it decreases the amount of 
energy the steam is capable of giving up towards increasing 
its own velocity. 

Example. 

Let the initial pressure at iV — 150.0 pds.8q. in. = p,; 
" " final " " Z= 1.5 " " " =Pt; 

" " quality of steam at JV= 0-90; 
" " steam fall in pressure along the constant heat 
curve Y. 

Heat of liquid at 150 pds. abs. =330 B.T.U. 

" " vaporization at 150 pds. abs.=861 B.T.U. 
0.90x861+330 = 1105 B.T.U. total heat per pd. at N. 

Since the heat at Z is to be also 1105 B.T.U. and the 
total heat of saturated steam at L is 1117 B.T.U., the qu^ty 
at Z may be found as follows: 

Heat of liquid at F^8i.l B.T.U. 

Quality at Z= (1105-84.1) -h (1117-84.1) 

^ entropy FZ ^^g^^ 
entropy r L 
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Entropy of vaporization at 1.5 pds. pres. = 1.790= en- 
tropy FL. 

Entropy FZ = 1.79X0.987 = 1.766. 



=Hi "heat in 
steam at 
initial con- 
ditions. 



Heat beneath /'H = 330- 84= 246 B.T.U. 
" K.V= 0.9X861" 775 " 

1021 " 

Heat beneath ii'Z = entropy PZxabs. temp, of steam at 1.5 
pds. pres. 
= 1.77x577 = 1021 B.T.U. 
=heat in steam at final condition at Z 

It is evident that Hi-H2'=0 and therefore that no 
velocity would result from fall of temperature along the 
curve Y, It is to be noticed that in the above example the 
heat represented by area ADJZA equals that by FHNAF, 
since GFHNDG equals GJZFG, and GDAFG is common to 
both areas. Thus the initial available heat just equals the 
'oss of heat caused by the steam following the curve of con- 
stant heat. 

In general the steam in a nozzle expands according to 
some such curve as NX. between NA and NZ, and the shaded 
area NAXN represents the friction work, while AXKDA rep- 
resents the loss of energy due to the resistance. Since the 
friction work is all returned to the steam as heat it is not nec- 
essary to determine its value, but the loss of energy due to the 
frictional resistance is one of the most important items con- 
nected with steam-turbine calculations. 

Leti/i = heat in entering steam, as defined on p. 80; 

/?2 = heat rejected after adiabatic expansion to the lower 

pressure p2; 
H„=heat of vaporization of dry saturated steam at 
pressure pa. 
If the steam falls in pressure adiabatically, and without 
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frictional resistance, the heat given up is H1-H3 and the 
velocity developed by the steam-jet is 

F= i64.4x778x{Hi-^2)!*. 

If y one-hundredths of the heat Hi -H2 is lost, due to the fric- 
tional resistance corresponding to fall down the curve NX, 
Fig. 23, the heat given up will be (l-y){ffi— ffa) and the 
resulting velocity will be 

7=i64.4x778x{l-j/)(ffi-H2)i* . . . (17) 

The quality of the steam after expanding to pi gainst 
the resistance will be higher than after adiabatic expansion 
by an amount represented by AX^FL, Fig. 26. This ratio is 
the same as the ratio between the quantities of heat beneath 
AX and FL respectively. But the loss of heat, y{Hi -Hi), 
is equal to the heat represented by the area beneath AX, and 
the heat beneath FL is equal to the heat of vaporization, 
H^, of steam at p2- Therefore the increase of quality of the 
steam, due to the resistance, is 

x"-!/{ff,-H2)+ff. (18) 

The quality at X, Fig. 26, is the sum of the per cent of steam 
at A and the percentage represented by the above expression. 
Knowing the weight of steam flowing throi^h a passage per 
unit of time, the volume may be determined from the quality 
of the steam. Knowing the volume and the velocity the 
proper cross-sectional area for the passage may be determined. 

Example. 

Let the initial pressure be 150.0 pds. per sq. in. abs. ■api; 

" " final " " 1.5" " " " " = pa," 

" " loss of energy in the passage be 15% or j/=0.15; 

*' " initial quality of steam be 0.98. 
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Then Hi -1090 B.T.U. -heat above point F, Tig. 26. 
Entropy at N (Fig. 26) = 1.543. 

Entropy F^=1.543-entropyBG=1.543-0.157 = 1.3S6. 
H2=entropy F^lxabs. temp, corresponding to p3 = 1.386 
X577=800B.T.U. 

Velocity r= 164.4x778x0.85(1090-800) |*=3500ft. per sec. 
The quality of steam at A would be 

x' = Entropy i^A -entropy FZ, = 1.386 + 1.791-0.774, approx. 

This quality is increased by the amount 

x" = i/(H,-H2)-;-H„=0.15x290^1033 =0.042, 

or the quality at Z is x' + x"-0.774+0.042=0.816. 

The specific volume of steam at p2, or 1.5 pds. aba., is 227 
cu. ft. N^lecting the volume of the water of condensation, 
the volume per pound of the steam in the present example is 

227x0.816 = 185 cu. ft. 

In any conduit or passage, if a steady flow of fluid takes 
place, the volume flowing per second is 

Q = AV, 

where A is the area of cross-section of the passage and V is 
the velocity. If Q is in cu. ft., then A should be in square ft. 
and V in ft. per second. If the passage varies in cross-section 
to A\ and the quantity Q remains the same, then Q=AiVi. 
In general, for steady flow the equation may be written 

Q = .47=A,y,=A2r2, etc. 

If the volume varies, then for a given area of cross-section 
the velocity will vary. In the present example, suppose 
0.25 pd. steam flows through an expanding nozzle and reaches 
at the lai'ge end a velocity of 3500 ft. per second, as found 
above, corresponding to a pressure of 1.5 pds. abs. per sq. in. 

The volume per pd. has been found to be 185 cu. ft., or 
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the vol. flowing per second is 0.25x185=46.2 cu. ft. It is 
required to And the cross-sectional area of the nozzle at the 
large end. 

Q=46.2 cu. ft. per sec. 

y =3500 ft. per sec. 

^=QH-y=46.2-3500=0.0132 sq.ft. 
or 0.0132X144 = 1.9 sq. inches. 

PTobUm. — Find the smallest cross-section of a conically 
divei^ent nozzle for carrying out the expansion indicated 
in the above problem, and find three intermediate cross-sec- 
tions, where the pressures will be 75, 50, and 25 pds. abs. respect- 
ively. Make the nozzle 8 inches long and sketch it on cross- 
section paper, . 

CALCULATIONS. 



'^oiSdfAt^M^^*" 


'Yt 


Aba. 


Aba. 


Aba. 


Ifc 


ffi 


/f.-(0.98X861)+(33O-84)- 
(B.T.U.) 


1090 
1,543 

0.167 
1.386 

800 
£90 

3500 

1-791 

0.774 

1033 
0.042 

o.sie 

227 

185 

46.2 

1.9 
1.56 


1025 
1.543 
0,264 
1.279 

820 
205 

2960 

1.542 

0,829 

988 

0,0311 
0,860 
50,0 

43.0 

10,75 

0,523 
0.819 


992 
1,543 
0,314 
1,229 

829 
163 

2640 

1,432 

0.856 

965 

0-0253 
0,881 
26,1 

23.0 

5,75 

0,313 
0.631 


965 
1,543 
0,354 
1,199 

840 
125 

2310 

1,350 

0.888 

946 

0.0198 
0.908 
16,1 

14,6 
3.65 

0,227 
0,538 


924 
1.543 
0.411 
1,132 

840 
84 

1890 

1.237 

0.915 

917 

0.013: 

0.927 
8.41 

7.81 
1,95 

0,148 
0-434 


897 


B^:::::::::::::::;::::::::: 




Efa-Bn-Ebo 

H.-ftbs. temp. T,XEfa 

(B.T.XT.) 

ff,-ff^ (B.T.r.) 

r-V[64.4X778X(l .00-0.15) 

{H,^H,)] (ft. per sec.) 

iTyt- entropy of vaponzation 


1.097 

842 
55 

1530 


Quality at A ■= Efa + Efl - 




Heat of vaporization at p,~Ht 

"^ (B.T.U.) 
iDcreaae in quality along ^A' 


898 


Quality at A' = 0,r74 + 0.042 

Sp. vd. dry steam at p, (cu. ft.) . , 
Vol. per pd. of wet steani, 


0.948 
5,75 


Vol.persec.=0.:5XI85-.e..-. 

Area (sq. in.), cross^section of 

, „ ,, 4fi,?Xl44 

nozzle-O.V- 3^^ .... 


1,32 
0.124 
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The curves on Plates IV, V, and VI show that less steam 
flowed through the divergent nozzles at the right than through 
the orifices at the left. Also in the case of the nozzle with 
rounded entrance the maximum rate of flow was reached by 
the time the ratio of back pressure to initial pressure reached 
the value 0.85. It seema from the curves on Figs. 62 to 66, 
and from data regarding orifices, that the pressure in general 
falls at the throat of the nozzle and then rises ^ain. Ex- 
periments indicate that the pressure in the throat of the nozzle 
falls to that value which gives the maximum flow of steam 
by weight at any given initial pressure. By calculating the 
energy given up during the fall in pressui-e, the corresponding 
velocity may be ascertained, and the proper cross-sectional 
area for the smallest part of the nozzle may be found. 

Referring to Fig. 26, to calculate the proper diameter of 
nozzle for the present example, where pres, = 112 pds. abs., 

The entropy FL- 1. 10, 
" " FA = 1M. 

Therefore the quality at A =0.96 or 4% of the steam is con- 
i throat of the nozzle. 



ffi=844 + 24 =868 B.T.U. 



Neglecting the loss that may have occurred up to the point 
under consideration, 



Velocity in throat=\/778x64.4x23 = 1070 ft. pers( 

Specific volume at 112 pds. -3.96 cu. ft. 

Volume at quality 0.96=3.8 cu. ft. 

Volume passing per second=0.25x3.8-0.95 cu. ft. 
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0.95X144 „ 
Area of cross-section = .^-, t — =0,128 sq. m. 

Diameter required =-0.404 inch or approximately 13/32". 

Having found the lai^est and smallest diameters of the 
Dozzle the latter may be drawn to scale. The length must 
be decided upon aceordii^ to circumstances and the designer's 
judgment as to the effect of length and angle of divei^ence 
upon the friction losses. The points in the length of the nozzle 
where the previously calculated pressures will occur may be 
located with the assistance of a pair of dividers for finding 
the diameters corresponding to the areas for their respective 
pressures. 

Another form in which the problem may present itself is, 
^ven the initial and final conditions of the at«am, to find what 
loss of energy will occur by reason of resistance in a given 
nozzle. 

Let it be found from a t«st that at the end of expansion 
from 150 lbs. abs. to IJ lbs. abs. the quality of exhaust is 0.816. 
It is required to find the percentage of loss due to frictional 
redstance in the nozzle. 

As before, iTi = 1090 B.T.U. H2=800B.T.U. 
Hi-H3=290B.T.U. 

Quality at j4 =quftlity due to adiabatic expansion=0.774. 
Increase in quality represented by ^X=0.816 -0.774 = 0.042. 
Hence, i/(ffi-if2)-hi/,=0.281y=0.042. 



0.042 „,, ,,^ 

"" or 15%. 



This problem being the inverse of the one previously worked 
out, the result just found is the same as the assumption of 
energy loss in the previous example. 

The method developed in Chapter IV for simplifying com- 
putations of velocity by means of the heat diagram may be 
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used equally well in cases involving the allowance for losses. 
Thus, instead of equation (17), 

y={64.4x778(l-y)CH,-H2)j*, 
may be written 

V = 158iiE,+E2){T,-T2)ll-y)\K . . (19) 

where Bi and E2 represent entropy changes at absolute tem- 
peratures Ti and T-j respectively, as before. 

If the values of y are known for a given type of nozzle 
operatii^ under given pressures, the velocities may be pre- 
dicted. It is necessary first, however, to analyze results ob- 
tained by experiment in order to find proper values for the 
coeiBcient y. 

Suppose, for example, that curves representing actually 
obtained results from a given type of orifice or nozzle have 
been plotted. Curves A on Plates II and III are of this charac- 
ter. Curves B are plotted from equation (17), using the value 
y = 0. The loss of velocity in the actual orifice or nozzle is 
then represented by the distance between the curves A and B. 
Let it be required to find the friction loss y at different initial 
pressures, and to use these values for obtaining a curve coin- 
ciding with curve A. 

Let the velocity from the actual curve A be called Va} 
" " " " " ideal " B " " V^. 

Then Va=V50103(Hi-H2){l-y); 

n-v'50103(i/,-i/2); 

y /y \2 

f^-Vl-y or y=l-(^^-j. 

Values of y may be plotted, as is done at the bottom of 
Plates II and III, from calculations given at top of page 89. 
These calculations apply to the curves A and C, Plate III. 
Tlie curves show that as the initial pressure is decreased 
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nto^'- 


V, 


Vh. 


f:- 


.-.-(ft)-. 


60 


1830 


2260 


0.81 


0.44 


100 


2370 


2940 


0.90 


0-ig 


140 


2680 


2870 


0.S4 


0.12 


180 


2890 


3030 


0.95 


0.09 


22D 


3050 


3140 


0.97 


o.oe 



the friction loss in the expanding nozzle increases, this being 
especially true for pressures below 100 pounds per square inch. 
In the case of the orifice in a thin plate, on the contrary, the 
losses are less at low pressures than at high pressures. The 
curve of losses on Plate II shows the value of y to increase 
shghtly with the pressure, but the change indicated is so sm^ 
that the value of y for this orifice may be regarded as constant 
at about 0.23. The values for the orifice and for the expand- 
ing nozzle are equal at about 80 pounds absolute initial pressure. 
For the nozzles experimented with by Messrs. Jones and 
Rathbone the losses at 100 pounds and 50 pounds initial pressure 
absolute were as shown in the following table. The back pressure 
. was atmospheric in all cases. In all the straight-bore nozzles 
the losses are higher for 100 pounds initial pressure than for 
50 pounds, but in the case of the expanding nozzle the reverse 
is true, the value of y at 100 pounds being only 40 per cent 
of that at 50 pounds. 







IW**" 














IV^ 


Kind of NMile. 








/a^. 


Per Cent of 
IdMl. 


Value of ifc 


A 


Straight bore, sharp entrance 


100 


11.3 


0.222 








50 


7.6 


0.163 








100 


13 2 


255 








50 








" " rounded 




100 


10.6 


226 








50 


8.6 


0.164 




Expand. " 




100 


5.7 


0.125 








50 








Straight " sharp 




100 


7.5 


0,145 










0.077 
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JoitUI Kesb. • PdB. per sg. In. Absolnte 

Curve ^ , Mr. Roaenhtun's ezperuuents; velocity corraeponding to tneao- 
uied reaction of the jet from an orifice in a thin plate. 

Curve B, calculated velocity, upon the aaaumption that all the heat 
enersy concerned in the drop mint the higher pressures before the orifice 
to tne constant atmospheric pressure beyond the orifice waa converted 
into the kinetic energy of the Jet of eteam. 

Curve C. values ol ;/ at different pressures. 
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Curve B, calculated velocity, asaumiug that all the heat energy con- 
cerned in the drop trom the higher presaurea before the nozzle to the cod- 
Mant atmospheric presBure beyond was converted into the kioetic energy 
of the jet of Eteam. 
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Calculations for Curves A i 



Initial 

SI 


r. 


T, 


r.-r. 


E, + E, 


per Second 


Ob«rv*d. 


Vriwity 


Velodty 


35 


720 


873 


47 


2 67 


013 


0-45 


1120 


1770 


55 


748 


673 


75 


2 55 


0.021 


1.10 


1690 


2180 


75 


768 


673 


95 


2,48 


0.028 


1.80 


2070 


2420 


95 


785 


673 


112 


2.42 


0,038 


2,70 


2290 


2600 


115 


799 


673 


126 


2.37 


044 


3 45 


2520 


2730 


135 


811 


673 


138 


2.34 


0.052 


4.25 


2640 


2840 


155 


822 


673 


149 


3.31 


0.059 


5 05 


2760 


2930 


175 


831 


673 


158 


2.28 


0066 


5.85 


2860 


3000 


195 


840 


673 


167 


2.25 


0.073 


8.66 


2940 


3060 


215 


849 


673 


176 


2.23 


079 


7,45 


3040 


3130 
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EXPERIMENTAL WORK ON FLOW OF STEAM THROUGH 
ORinCES, NOZZLES, AND TURBINE-BUCKETS. 

In the design of nozzles and steam-channels in general the 
following questions are involved: 

(a) The weight of steam that will flow through when cer- 
t^ pressures exist at the inlet and outlet ends respectively. 

(b) The velocity attained by the issuing jet of steam when 
a known weight per second is flowing. 

(c) The heat expenditure necessary in order to produce a 
given amount of kinetic energy in the jet as it leaves the nozzle 
or passageway. 

Experiments to determine the above have been .made in 
various ways, and among the methods used are the following : 

1. Steam caused to flow from a higher to a lower pressure 
through various shapes of orifice and nozzle, and the steam 
condensed and weighed. The results obt^ed by this method 
g^ve the wei^t of steam that the orifices and nozzles will dis- 
char^ per unit of time under differing inflow and outflow 
pressures. This information, however, does not give the data 
for calculating the velocity attained by the steam, because 
the specific volume of the steam at different pointe along the 
nozzle depends upon the pressures at those points, and the 
latter are not known. Further, the nozzle allowing the greatest 
weight of steam to pass is not necessarily that giving the greatest 
velocity of outflow or the greatest energy of the jet. 
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2. Steam flowing as described in 1, but pressures along the 
nozzle investigated by means of a small "searching-tube" 
held axially in the nozzle. The tube has a small hole in its 
wall, and by moving the tube along the nozzle bore the hole 
occupies various positions and indicates on a gage connected 
to the end of the tube a more or less close approximation to 
the pressures existing at the points where the hole is brought 
to rest. It makes a considerable difference in the results, 
however, whether the hole in the tube is perpendicular to the 
axis of the tube or slants in the same direction as the flow of 
steam or in the opposite direction. Holes have also been 
drilled in the nozzle walls and pressures measured at those 
points. From such observations of pressures, the specific 
volume of the steam at various cross-sections has been cal- 
culated, and, the rate of steam-flow being known, the velocity 
at the different sections has been approximately found. This 
method is open to the objections that the accuracy of the pres- 
sure readings is very questionable, and the extent to which the 
steam fills out the cross-sectional areas of the nozzles is not 
known. However, much very valuable information has been 
obtained by this means as to the variation of pressure and the 
vibrations of the steam in the nozzle, the effect of varying 
back pres ures, etc. 

In experiments made in Sibley College during 1904-5 by 
Messrs. Weber and Law, the searching-tube was arranged so 
it commimicated the pressure in the nozzle to the piston of a 
steam-engine indicator, and thus an autographic representa- 
tion of the pressure changes was obtained. These experiments, 
and others along the same line, will be referred to later. 

3, By arranging the nozzle so that as the steam flows out 
of it the reaction against the nozzle accompanying the accelera- 
tion of the steam can be measured, it is possible to ascertain 
the velocity the steam attains. The rate of steam-flow is 
measured by condensing and weighing, and the velocity in 
feet per second equals the reaction in pounds multiplied by 
g (-32.2) and divided by the weight of steam flowing per 
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second. By measuring the weight and inlet and outlet tem- 
peratures of the condensing water, as well aa the weight of 
condensed steam the heat given up in the nozzle can be found 
and the prime object of such experiments may be attained; 
that is, the efficiency of the Dozzle may be found — or the amount 
of kinetic energy in foot-pounds that can be produced by one 
heat-unit in the entering steam. 

4. If a nozzle delivering W poimds of steam per spcond 
discharges into buckets having known entrance and exit 
angles, the velocity of the jet may be computed by means of 
formula 6 on page 12. See also plate facing page 128. 

Weight of Steam rLowiNo Thkouoh Orifices and Nozzles 
AS Found Experimentally by Professor Gutermuth. ■ 

Curves 1, 2, 3, and 4, on Plates IV, V, an;I VI, show the 
weight of steam which flowed from the four orifices shown, 

for varying values of — and for varying initial pressures. In 

each case more steam flowed through the orifice with the 
rounded entrance than through that with the sharp-edged 
entrance, and in each case the weight of steam flowing per 
second readied a maximum value, beyond which the weight 
per second did not increase or decrease as the pressure ps 
was decreased. The question of the flow of steam, by weight, 
depends upon the pressures immediately in the orifice, as 
well as upon those in the inflow and outflow vessels. Curves 5, 
which represent the adiabatic flow of a gas which has the 
same ratio of specific heats as dry and saturated steam, accord- 
ing to the equation developed in Chapter II, are not applicable 
to the case of steam-flow, unless the steam remains dry and 
saturated during expansion, or else is initi^y superheated and 
remains superheated during expansion. Steam in expanding 
adiabatically from a saturated condition becomes partially 
condensed, — the specific heat of the mixture changes and 
the flow is not like to that of a gas. If the steam remained 
superheated, or dry and saturated, during expansion, the 
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formula for the flow of gas would apply to that of the steam. 
As it is, however, the point at which the maximum flow of 
steam will occur, through an orifice having well-rounded entrance, 
agrees more or less closely with the indications of the equation 
for a gas, as is seen by the curves given, and with certain modi- 
fications the equation may be used to indicate the conditions 
of maximum flow. A very useful equation was developed 
by Mr. R. D. Napier, and modified by Professor Rankine, 
based upon experiments by Napier and the equation under 
discussion. The discharge through an orifice a sq. ins. area 
from a pressure pi on one side to a lower pressure p2 on the 
other side may be calculated as follows, according to Napier's 
formula: 

^'^m if 2? = or is less than 0.60. 
70 pi 



When Si is greater than 0.60, W -°|\( I ^-^£0^ \ . 

Thus, in the case of curve 2, Plate IV, the dischai^e accord- 
ing to this expression would be 



W=— — =„ - =0.0669 pound per second. 

The observed maximum flow is 0.063+pounds, or about 94% 
of that given by the equation. 

Similarly, on Plate V, curve 2, 

„, 0.0355X118 ^^^ , 

W= =jj =0.060 pound. 



The observed maximum flow is 0.05, or about 95% of that ^ven 
by the equation. 

On Plate VI, curve 2, 
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The observed maximum flow is 0.050, or about 95.5% of that 
given by the equation. 

The above equation may be taken as a guide for calcu- 
lating the maximum flow of steam when the ratio ps-i-pi is 
not" greater than about 0.6, but it evidently does not apply 
closely unless the orifice has a well-rounded entrance. 

It is to be observed that curves 4 on Plates IV and VI, for 
the divergent nozzles, show a smaller steam weight discharged 
per second than is discharged from the plain orifice 2. This, 
however, does not mean that the velocity in the divergent 
nozzle is less than that in the plain orifice. 

The table opposite shows the results of experiments with 
the orifices on Plate VII, together with the calculations 
of the steam-flow by Napier's formula and by the thermo- 
dynamic formula which was developed in Chapter IV. All 
the experiments excepting those by Professor Peabody were 
made in the Sibley College laboratories under the direction 
of Professor R. C. Carpenter. 

It has been shown in the precedit^ discussion that, at least 
for small diameters of opening, it is possible to calculate very 
closely the maximum weight of steam dischai^ed per unit 
of time under given initial and final pressures. It has been 
quite thoroughly demonstrated that after a certain diminution 
of back pressure, the rate of flow, by we^ht, ceases to increase, 
and that it remans sensibly constant dining further reduction 
of back pressure. The tables on page 109, calculated from 
the experiments of Mr. Walter Rosenhain, and of Mr. George 
Wilson, further confirm these statements. 

The question as to the rate of increase of flow up to the 
maximum rate has been answered for convergent nozzles of 
certain sizes by the formula by Mr. R. D. Napier (see page 99), 
the work of Professor Rateau (see page 106), and that of Pro- 
fessor Gutermuth (see Plates IV, V, and VI). 

The rate of flow, by weight, up to the point of maximum 
flow, depends very largely upon the shape of the inlet end 
of the orifice or nozzle, — whether the inlet is rounded or has 
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square or sharp comers. The maxinrnm rate of flow is reached 
much more quickly in some cases than in others, as is shown 
by Plates lY, V, and VI. 

Orifices and nozzles having well-rounded entrances will 
pass more steam than those with sharp-cornered entrances, 
but this does not mean that they will emit a stream or jet 
having a correspondingly greater velocity than the latter. 
It seems that the rounded or bell-shaped inlet may cause a 
larger amount of steam to be admitted than can be efficiently 
expanded in the nozzle, and that a nozzle having its entrance 
■ only slightly rounded may have a higher efficiency than one 
with a large convergence of inlet. 

In general, the shape of the inlet has greater influence 
upon the rate of discharge than has that of the outlet; while 
the outlet end has more influence upon the efficiency of expan- 
aon of the steam, and hence upon its exit velocity. The 
experimental work to be discussed later bears out these state- 
ments. 

Whether or not the weight of steam flowing through ori- 
fices and passages of large size and more or less irregular 
shape can be calculated as satisfactorily as for the compara- 
tively small sizes that have been used in experiments is not 
certain. The quantity of steam that will flow through a hole 
one square inch in cross-sectional area, for instance, is so great 
that experiments with such large orifices are seldom made. 
However, the experiments of Professor Rateau, and of Mr. 
Geoi^e Wilson, given in the tables on pages 106 and 109, were 
made with openings from about ^ inch diameter up to over 
an inch. Unless the source of steam-supply is of great capacity, 
experiments with openings of large area are of necessity made 
with comparatively low pressures. 

Plate VIII gives velocities calculated from the reactions 
measured by Mr. George Wilson (London Engineering, 1872). 
The rate of flow was taken from the curve on Plate X. 
The inlet side of the orifices was made in the shape of what is 
called the "contracted vein," with the idea of passing the 
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Curves A g;ive velocity under ideal conditions of steam-flow into tl 
atmosphere. 

Curves B and C give calculated velocity as indicated by measured r 
action. From experimenta by Mr. George Wilson. 
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greatest possible volume of steam. The orifices were of com- 
paratively large size (2 and 3 centimeters diam. respectively), 
and it may be that the weight of steam discharged per second 
was somewhat greater than that calculated and used in finding 
the velocity from the reaction. That would account, at least, 
for the calculated velocity being somewhat above that given 
by the ideal curves A, because the velocity is calculated from the 
equation 

RX32.2 



V^- 



W 



and therefore varies inversely as the weight of flow, W. How- 
ever the curves show the same characteristics as the other 
results given for orifices and straight tubes, namely, a decided 
falling off in velocity for initial pressure above 70 or 80 pounds 
absolute, and comparatively high velocities for pressures lower 
than 70 or 80 pounds. 

Further, comparing these curves with those from small 
nozzles for which the velocity has been determined by measure- 
ment of both reaction and weight of flow {see page 125), it 
seems safe to conclude that the velocities given on Plate VIII 
are not more than from 10 to 15 per cent too high, if indeed they 
are as much as that above the actual values. The surface of 
the orifice, causing frictional resistance to flow, increases only 
as the diameter of orifice, while the quantity of steam increases 
as the square of the diameter. It is therefore probable that 
with large orifices of favorable shape the frictional losses are 
proportionately less than with small orifices and nozzles, and 
that the high velocities indicated by the curves B and C were 
more closely realized than comparisons with results from smaller 
orifices and nozzles would lead one to believe. 

The calculated results in the following table agree more 
closely with observed results in the case of the convergent 
nozzles than in that of the orifice in the thin plate. The con- 
vergent nozzles were simply orifices with bell-shaped entrances, 
and it was shown on page 99 that the equations for weight of 
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discharge apply more closely to such orifices than to those with 
shftrp-cornered entrances. 
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12,10 
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34 


2,48 
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A, convergent nozzle, B, orifice in thin plate. 

A lai^ amount of data on the pressures existing at different 
points along steam-nozzles, and in jets from orifices, has been 
obtained by experiments, and such information has thrown a 
considerable amount of light on turbine operation. But given 
that sort of data alone, designers are almost as much at sea as 
before regarding the true efficiency of a nozzle or steam-passage 
and the actual velocity of steam-jets. 

The experimental work giving the most ■ direct and satis- 
factory evidence concerning the efficiency of steam-flow in 
nozzles and orifices has been that determining the reaction of 
the jet gainst the vessel from which it flows. 

The work of Mr. George Wilson {see London Engineering, 
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Vol. XIII, 1872) and of Mr. Walter Rosenhain (see Proc. Inst. C. E., 
London, 1899) was of this character, and in both cases the experi- 
ments were evidently made with care. Mr. Wilson's apparatus 
is shown on p. 140. He did not measure the quantity of steam 
dischai^d, but did obtain a measure of the reaction accompany- 
ing discharge, under various initial pressures, into the atmos- 
phere, with the various orifices which he employed. Thesec- 
ond table on page 109 gives a few of Mr. Wilson's results for the 
purpose of comparing the observed reactions with those given 
by the use of the equation developed in the following pages. 

Mr, Walter Rosenhain, of the University of Cambridge, 
has gone a step farther than did Mr. Wilson, as he has measured 
both the reaction and the rate of steam-flow. Mr. Roseohain's 
experiments cover a wide range of initial pressures, but the 
final pressure is that of the atmosphere in all the experiments, 
as was the case with Mr. Wilson's experiments. 

Experiments are at the present time being carried on in 
Sibley College, in which the reaction and weight of flow are meas- 
ured, and in which the back pressure is carried down below 
the atmospheric pressure, as is the case in all condensing turbine 
plants. It is the purpose of the experiments to measure the 
heat in the dischai^ from nozzles in which known kinetic 
energy is developed, per pound of steam supplied, and thus to 
find the efficiency of the nozzles when discharging into the 
vacuum in the condenser. 

Mr. RosenhMn's apparatus is shown in Figs. 27-29, and 
the first table on page 109 gives calculations based upon the 
flow from the simple orifice, No. 1. 

These results are given to show the degree of approximation 
to be attained by the use of the equations for calculating the 
weight of flow and the reaction as explained in Chapter IV. The 
velocities as calculated are also given, and all the variables are 
further represented in the curves plotted on Figs. 30-40. 

These experiments are of great importance in at least par- 
tially answering the questions stated on page 93. It is hoped 
that before long experimental results ^ving further information 
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will be available, especially regardii^ the flow into condensers 
maintaining conditions of vacuum. 

Experiments by Mb. Walter Rosenhain.* 



Ab^.,. 
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Mr. George Wilson's Experiments. 
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The cajculated reaction given in the above tables was obtained by the 
use of the empirical formula developed on page 74, Chapter V, for jets dis- 
charging into the atmosphere. Thus, 

Reaction = B = (!.23P, — 14,7) pounds per square inch of orifice. 



•Revii 



I of Mr. EtoHohAJo 
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Mr. Rosenhmn starts with the premise justified both by 
theory and by experiment, that with a constant upper pres- 
sure a limiting velocity of efflux is reached when the lower 
pressure has been reduced to between 50 and 60 per cent of 
the higher pressure, while no limiting value is indicated when, 
with a constant low pressure, the higher pressure is increased. 
This does not apply to conically divei^nt nozzles, and the 
theoretical conclusions apply only to the narrowest section 
of a nozzle. The experimental conclusions apply only to 
orifices in thin plates or convei^ent nozzles of various types, 
including short cylindrical tubes. 

Profiting by the records of previous experiments he de- 
cided that it would be desirable to measure the velocity of 
the steam as directly as possible, and to avoid estimating the 
density of the steam at the point of efflux. This estimation, 
depending upon temperature measurements, admits the greatest 
liability to error. Moreover, the velocity required for steam- 
turbine purposes is the actual velocity attained by the steam on 
'eaving the nozzle, not merely a figure in feet per second from 
which the mass discharged could be calculated when the area 
of the orifice and the density of the steam are known. He 
found it necessary, therefore, to measure both the mass dis- 
charged and another quantity involving the velocity. For 
this second quantity he chose the momentum of the escaping 
jet. He first tried to measure this momentum by allowing 
the jet to impinge upon a semi-cylindrical bucket or vane in 
such a way as to reverse the jet, estimating that the pressure 
on the vane should then be equal to twice the momentum 
given to the jet per second. This method did not prove satis- 
factory and was rejected. He then adopted the reaction 
method. 

Various methods of using the apparatus were tried, and, 
as a means of verifying the observations obtained by other 
methods, the method was adopted of obtaining the desired 
pressure at the gage by throttling the steam at the valve. 
The only observable difference he found between the jet at 
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full way and by throttling to the same pressure was in the 
appearance of the jet. The throttled jet, when the throttling 
was considerable— as from 200 pds. per square inch to 20 lbs. 
per square inch — was of a darker color, much more trans- 
parent, but showing the brown color by transmitted light 
much more strongly; at the same pressure not the slightest 
difference in reaction could be observed between a "full-way" 
and a "throttled" jet. 

The nozzles shown in section in Fig. 28 were of gun-metal, 
and were carefully prepared to exact dimensions. No. I is an 
orifice in a thin plate, produced by a very oblique chamfer on 
the outside. No. II consists of two parts drilled and turned 
up together. All the experiments with this nozzle as a whole 
were completed before the parts were separated to form the 
new nozzles IIa and IIb. Nos. Ill and IV were made of 
approximately the same length as lis, and with larger and 
smaller tapers respectively. No. Ill was then cut down to 
form IIIa, the greatest diameter of which is equal to that of 
IV. Finally, IIIa was also cut down to form IIIb. No. IV 
was also cut down by f inch at a time to form IVa, IVb, IVc, 
and I^'d successively. In III and IV the inner edge of the 
nozzle is merely rounded off smoothly. These were designed 
on lines suggested by the results of the experiments on II, IIa, 
and IIb, The area of the orifice or nozzle does not enter into 
the calculation of the velocity. In order, however, to make 
the results strictly comparable, the entire set of nozzles was 
made with as nearly as possible the same least diameter, A inch. 
This diameter and the tapers approximate to those used on 
a De Laval 5-H.P. turbine-motor. A table showing the dimen- 
sions of the nozzles as supplied with this turbine is given on page 
114, for the sake of comparison. The actual least diameter 
of each nozzle was carefully measured with a micrometer micro- 
scope to an accuracy of 0.001 inch. 
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Number. 


Dir... 


i^i^r 


L.t>sth. 


Twr. 


lUmu-ki 




liich«. 


IncbM. 


Inchea. 
















Orifice in thin plate 
Compound nozzle 


II 


0.1840 


0.287 


2,1 


Im20 




0.1866 




0,5 






IIb 


0.1849 


0.287 


1,6 


1 in 20 


Outlet hilf of II 


III 


0.1882 


0.368 


2,16 


lml2 




IIlA 


0.1882 


0.255 


0,79 


1 in 12 




IIlB 


0.1882 


0,241 


0-64 


linl2 




IV 

IVa 


0.1830 


0,256 
0,242 


2,16 


1 in 30 




IVb 


0.1830 


0,230 


1,41 


lin30 




IVc 


0.1830 


0,217 


1,035 






IVd 


0.1830 


0.205 


0,66 


lin30 





Db Laval Noziles fob S-Horsd-power Turbine. 
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L.ut DismeMr. 
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Inch. 


Inch. 






0,157 






105 


163 


1,57 


1 in 21.4 


Experiment II a 


0.184 


2,11 


1 in 20.0 




0,197 


1,57 


1 in 19,0 


60 


0,230 


1,57 


1 in 29,0 


58 


0,256 


1,57 


1 in 26.6 



The formula used for the calculation of the velocity of the 
steam in the jet is 

^ W 
where V is the velocity of the steam in feet per second; 
R is the reaction in lbs. weight; 
g is the acceleration of gravity taken at 32.2 feet jter 

second per second ; 
W is the weight of steam discharged in lbs. 
From the description of the experiments it will be seen 
that R and W are measured directly. For purposes of calcu- 
lation, points were plotted on squared paper showing for each 
nozzle 

(a) Steam pressure as abscissa, R as ordinate; 
(h) Steam pressure as abscissa, \V as ordinate. 
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From the smooth curves drawn to repreaent these points 
values of W and R were taken and used in the above formula 



Dlscbftrge. In Iba. pei 




Dlsdianre In Iba. per secoDd 

to ^ve values of V: and, finally, a third curve was plotted, 
showing 

(c) Steam pressure as abscissa, V as ordinate. 

This last curve represents the relation between pressure and 
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velocity, and also serves as a check on the accuracy of the 
arithmetical calculations. 

The formula used . assumes that at the point where the 
velocity is measured the steam has reached atmospheric pres- 
sure, otherwise the reaction would be increased by the remain- 
ing pressure; that is, the velocity here determined is that 
which the steam attains on reachii^ atmospheric pressure 
where this occurs outside the nozzle, or its velocity on leaving 
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the nozzle where atmospheric pressure has been attained 
within the nozzle, in which case friction against the nozzle 
after complete expansion has occurred may cause the steam 
to lose some of its momentum. For practical purposes Mr. 
Rosenhain assumes that the velocities here found correspond 
to the kinetic enei^ of the jet on leaving the nozzle, an 
assumption which he found justified by observations on the 
shape of the jets. With the exception of those from the two 
very short nozzles, No. Ills and Xo. IVd, the jets, — even that 
from No. I,— are very nearly parallel for several inches from 
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the end of the nozzle, or at most diverge at approximately the 
same taper as the nozzle. 

In the case of the expanding nozzles this shows that the 
steam is expanded to atmospheric pressure before leaving the 
apparatus. 

The first series of curves, Figs. 30, 33, and 36, represent the 
expeiiments made with nozzles Nos. I, 11, IIa, and IIb. The 
reaction curves, Fig. 30, are mostly straight lines, i.e., the reac- 
tion is simply proportional to the pressure, but the constants 
vary for different nozzles. In the case of No. I, the orifice in 
a thin plate, the curve is a straight hne through the origin, 
while for all other nozzles the line could reach the origin 
only through a curve. With IIa there is a slight but distinct 
sinuosity in this curve, and the points of IIb show a tendency 
to something similar, Mr. RosenhaJn verified this by repeat- 
ing the exf)eriments under different conditions. He assigns 
the cause of the peculiarity to friction, as the sinuosity occurs 
only in those two nozzles where the friction would be large. 
It should be remembered, in comparing the curves, that the 
minimum diameters of II, IIa, and lis are identical, but 
that of I differs very slightly. 

The discharge curves (Fig. 33) occupy natural positions. 
The nozzle having an easy inlet and an expanding outlet gives 
the greatest discharge, the inlet being evidently more important 
than the outlet, hence the near approach of Ha to I, 

The position of IIb so far below I would seem to justify 
Mr. Rosenhain's conclusion that " the sharp inlet is unsuited 
to passing a large quantity of steam through an expanding 
nozzle; while, on the other hand, the velocity curves (Fig. 36) 
show that the quantity of steam passed by a nozzle depends 
very considerably on the shape of the inlet, and the velocity 
of the steam on leaving the nozzle depends more on the shape 
of tlte outlet portion," 

From this he concludes that the density of the steam at 
the narrowest section depends upon the shape of the inlet, 
and that " this density for a given internal pressure is greater 



Dig,, z.d by Google 



EXPERIMENTAL WORK ON FLOW OF STEAM. 119 

CtilctiUtod velocltr ia feet p< 




I i i i i I i i ii<i? i 

Calcolkted velodtr tn teat p«i second g^ S 



Dig,, z.d by Google 



STBAM-TURBINES. 



with a well-rounded inlet than with a nozzle having a sharp 
inner edge." 

This would account at once for the most conspicuouB feature 
of this set of velocity curves, viz., that up to a pressure of 
about 80 lbs. per squire inch the greatest velocity is attamed 
by a jet from an orifice with a thin plate; above 100 lbs. 
per sq. inch, IlB, having a sharp inlet, gives a greater velocity 
than II which has a rounded inlet and the same outlet. So 
that apparently a rounded inlet admits a greater weight of 
steam to the narrowest section than the nozzle can deal with 
efficiently. Thus, the advantage of I over IIa arises from 
its smaller discharge, which can expand with greater freedom 
and so develop a greater velocity than the denser steam issuing 
from IIa. 

Considering the kmetic energy developed per pound of 
steam, the velocity curves may be taken to represent the 
"efficiency" of the various nozzles: From that point of 
view, Mr. Rosenhain concludes: "The effect of a sharp inlet 
is to' reduce the density of the steam at the narrowest section, 
and hence less steam is passed, but the steam that does pass 
is fully or almost fully expanded; hence, though the dis- 
charge is reduced, the efficiency is hicreased." 

In consequence of this conclusion, he designed all the later 
nozzles with an inner edge only slighUy rounded off. 

Nozzle IV was cut down by small steps, |" bemg taken 
off the length each time, thus producing nozzles IVa, IVb, 
IVc and IVd. Figs. 32, 35, and 39 show the reaction, 
discharge, and velocity at the nozzles. In order to present 
the results more clearly the curves of Fig. 40 were plotted. 
Here the length of nozzle is taken as abscissa, and reaction, 
discharge, and velocity are taken as ordinates for separate 
curves which have been plotted for steam pressures of 50, 
100 150, and 200 pounds (by gage) pressure respectively. 
" These curves show that reaction and discharge are influenced 
by the length of the nozzle in opposite ways. Very long nozzles 
with low steam pressure, or, more generally, nozzles that tend 
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to cause over-expansion, produce a large dischai^e but com- 
paratively small reaction." 

Considering further the question of " efficiency " in the 
sense just defined, it will be seen that the most efficient form 
of nozzle varies with the pressure. The reaction curve at 
100 lbs, per square inch shows a maximum at IVa which 
recurs much more markedly in the corresponding velocity 
curve. The shape of the curve at 50 lbs. per square inch 
indicates that for these low pressures a long expanding cone is 
distinctly bad; in fact, a comparison of Figs. 36, 37, 38, and 
39 shows that up to 80 lbs. per square inch an orifice in a 
thin plate is more efficient than any form of nozzle used in 
these experiments. 

At 100 lbs. per square inch the velocity curve shows both 
a maximum and a minimum. A maximum was to be expected; 
the minimum would seem to indicate that the increase of 
length from IVd to IVc brings the discharge up to the high- 
est value attainable for this pressure, while neither IVc nor 
IVb is long enough to develop the full reaction. Again, 
the fall in the velocity curve from IVa to IV lie attributes 
to " over-expansion," especially as it disappears at 150 lbs. 
per sq. inch. Here the minimum has moved towards IVd, 
and it practically disappears at 200 lbs. per square inch. At 
150 lbs. per square inch IV seems just to touch the maximum 
velocity attainable by a nozzle of that taper, while for 200 
lbs. per sq. inch, even IV may be said to give insufficient 
expansion. 

As a guide to the design of the most efficient nozzle, then — 
that is, the one that will develop the greatest kinetic energy 
in the jet per pound of steam consumed— Mr. Rosenhain sum- 
marizes the results of the experiments as follows: 

" Up to a boiler pressure of about 80 lbs. per square inch, 
and for discharge into atmospheric pressure, the most efficient 
form is an orifice in a thin plate. For higher boiler pressures 
an expanding conical nozzle with an inner edge only slightly 
rounded should be used. The taper should not be very different 
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from 1 in 12, and the proper ratio of greatest and least diameters 
is ^ven, according to present results, in the following table; 



Steam pressure, lbs. per sq. inch, gage . 


80 


100 


140 


160-200 




1.26 




1 36 













"The bearing of the above results on the thermohydro- 
dynamic equation of Weisbach is not very direct. The part 
played by friction in these nozzles is very great and can only 
be allowed for in the equations by the introduction of artificial 
coefficients, and these hardly seem worth calculating, especially 
as it seems doubtful if hydrodynamic equations are applicable 
to gases. Hydrodynamics is based on the assumption of a 
perfectly homogeneous fluid, but a gas, and still less a vapor 
carrying particles of water in suspension, does not satisfy this 
condition." 

EXPERIMENTS WTTH TURBINE-BnCKETS. 

Extensive experiment^ turbine work was done in the Sibley 
College Laboratories durii^ the years 1897-98-99, under the 
direction of Mr. Thomas Hall of the class of 1894, one of the 
deagners of the Hall and Treit quadruple expansion engine. 
Mr. Hall held the Sibley Fellowship during 1894-95, and was 
subsequently an instructor for two years. During this latter 
period he superintended the experimental work discussed in the 
following pages, and to his efforts, supplemented by the effi- 
cient work of Messrs. Rathbone and Jones, '97-'98, and Messrs. 
Loetscher and McDonald, '98-'99, is to be given full credit 
for the valuable information obtained. The curves presented 
here have been plotted from the data obtained, some of the 
curves being given as ori^nally plotted by the investigators. 

The points investigated were as follows : 

(a) The weight of flow of steam through nozzles of varying 
^e under difTerent initial steam pressures and atmospheric 
exhaust pressure. 
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(6) The actual velocity of the jet from the nozzles as indicated 
by the nozzle reaction. 

(c) The impulse exerted by the jet upon buckets having 
various angles of entrance and exit. 

(d) The impulse as affected by bucket-spacing. 

(e) The impulse as affected by clearance between the nozzle 
and the buckets. 

{/) The impulse as affected by placing a varying number of 
Towa of stationary buckets in front of a set of movable buckets. 

(g) The impulse as affected by the clearance between rows 
of buckets 

(h) The substitution of air for steam, comparir^ the im- 
pulsive pressures upon the buckets in the two cases. 

(k) The impulse as affected by "cutting over" the edges 
of the buckets by the jet of air from the nozzle. 

(J) The efficiency of rough surface buckets as compared 
with those having smooth surfaces. 

The discharge from nozzles and buckets was in all cases at 
atmospheric pressure. The nozzles experimented with were of 
diameters J", A", i", and f", 2 inches long, with rounded 
entrance and with sharp entrance, and with straight and ex- 
panding bores. The curves are marked so as to show to what 
character of nozzle they correspond. The weight of flow per 
second corresponds with the data previously given, and is 
given with other data for i" nozzles in Fig. 41. The curves 
for the }" nozzles show that for initial pressures up to about 70 
pounds absolute the straight nozzles gave higher velocities than 
the expanding nozzle, but that above 70 pounds the reverse 
was true. However, in these cases the jet from the strai^t 
nozzles acted upon the buckets more efficiently than did that 
from the expanding nozzle. 

The centers of the ends of the straight and the expanding 
nozzles were placed at the same distance from the buckets, 
and since the jet begins to divei^e in the bore of the expand- 
ing nozzle, and not until it has left the strMght nozzle, the 
expeiimenters concluded that the expanding nozzles hould be 
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szle, from the ciures repreaentine the straight-nozsle 
results. The energy of the jet tram the expanaing nozzle is below that from 
*iw. =._:_i.. 1„ „„ ., about 70 pounds absolute, after which it goes 
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placed Dearer the buckets than the straight nozzle for equal 
efficiency. 

In general, the impulse upon the 135° buckets, Figs. 42 and 
43, was somewhat higher than that upon the 150" buckets. This 
may have been due to the fact that the latter were somewhat 
thicker than the former, and hence had less space between them 
for passage of steam. Upon the basis of the tests made and 
shown by the curves, it was decided to use 135° buckets in all 
the tests, and to place the nozzles at such an angle that the 
stream would enter tangentially to the bucket surfaces. Suffi- 
cient buckets were used in all cases so that all the stream from 
the nozzle implied upon buckets. There were from four to 
six buckets used in each set. 

The general arrangement of this apparatus used is given 
in Fig. 52. 

The clamps for holding the buckets were guided and attached 
to the balance scales, so that the impulse might be measured. 
The reaction upon the nozzles was obtained in a similar manner 
for each steam pressure employed, and the rate of flow at each 
pressure was determined by a separate test in which the steam 
from the nozzle was led to a condenser and then weighed. 
Preliminary runs were made imtil the apparatus was in satis- 
factory working order, and results of subsequent runs were 
carefully checked by repeating the experiments. 

In each series of impulse tests the steam pressure was 
increased by increments of 10 pounds up to 100 pounds gage 
pressure. The method of weighing the impulse proved to be 
very delicate, and the accuracy of the results is shown by the 
regularity with which they plot into smooth curves. 

Spacing of Buckets.— The curve of bucket -spacing, Fig. 44, 
rises rapidly from zero, where the buckets are together and 
there is only lateral pressure, to 8.8 pounds for 100 pounds 
steam pressure and spacing from |" to }". The impulse then 
drops off gradually. The curve indicates that the spacing may 
vary from \" to J" without affecting the efficiency seriously; 
but apparently f" to \" pitch gives the greatest efficiency. This 
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Fio. 42. — Curves showing impulse obtained with varioui 
Bures, using varying sizes of nozzle, ODd varying bucket ancl 
basis of these and the following curves, 135° buckets were <fei 
the experimental work. 
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Fio. 43.— Impulse 
cun'es express efficieney of buckets and nozzles together, i 
pulse per pound ot steam uj^ed. 
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DATA FOR CURVRS OF VRLoClYV. 
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Rounded Entrance 



■ Curve 1, Velocity from Reaction. 

[ " 2, " " Impulse, on 135° Buckets. 

I " 3, " " " '■ 150° " 

i " 4, " " Reaction. 

I " 5, " " Impulse, 150° Buckets. 

i " 6, " " Reaction. 

[ " 7, " " Impulse, 150° Bucketa. 



imparative values of the velocity of steam-jets as calculated from the measured 
ttachments, and from the impulse exerted by the jets upon the buckets shown 
tion, eddies, etc.. in the buckets, cause the velocity as indicated by the impulse 
r the reaction. Curves 6 and 7, from the expanding nozzle, show the same char- 
<age 125, and as shown also by Curve 7, Fig. 43. 

[To face page 128. 
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being a convenient spacing from constructive considerations, it 
was adoptetl for the subsequent experiments. 

Effect of Clearance between the Nozzle and the Buckets. — 
By means of shims between the nozzle support and the clamp 

Impulse at 100 (Mraodi gace prtnsnP 



II. 



ft 



8,1 



I : 
g - 






canying the buckets, the effect of placing the nozzle end at 
varying distances from the buckets was tested, the distances 
varying from W' to W- Very little difference in impulse 
could be detected, and only a few points were found, aa shown 



Dig,, z.d by Google 



130 STEAM-TVRBISES. 

in Fig. 45. Apparently within the limits used, the distance 
of the nozzle from the buckets is not of great importance. 

Effect of Additioaal Sets of Buckets, through which the steam 
passes on its way to the movable buckets. 

With one set of stationary nozzles clamped in front of the 
movable buckets (these being reversed in position and the scales 
counter-weighted so as to measure the impulse), at 100 pounds 
per square inch gage pressure, the impulse on the movable 
backets was 6 pounds. With two stationary sets clamped together 
without clearance between them, and placed before the movable 
nozzles as before, the impulse on the movable buckets was 4.8 
lbs. With three sets of stationary buckets the impulse was 
3,6 pounds. When no extra sets of buckets were used, the 
impulse on the movable buckets due to the direct jet from the 
nozzle was 8.8 pounds for an initial pressure of 100 pounds 
gJge- 

If with two extra sets the first set of extra buckets (station- 
ary) should receive 8.8 pounds, the second set 6, and the movable 
4.8 pounds, the total impulse would be the sum of 8.8, 6.0, 
and 4.8, or 19.6 pounds. The upper curve (Fig. 46) was plotted 
upon this assumption, adding to the impulse of the first set 
that of all the following. It has been the experience of builders of 
the many-stage impulse-turbine that the pressure beyond a row 
of buckets is often higher than that before it, and it is probable 
that in the arrangement under discussion the steam-flow would 
be checke.1 by the accumulation of pressure in the later buckets, 
thus preventing the full impulse from being realized. 

The middle curve shows the obtainable impulse for the 
ordinary arrangement of impulse- turbine, in which only the 
alternate rows of buckets rotate, the others being the stationary 
guides. The total impulse given by this arrangement is much 
greater than that given by the single row of buckets, but not 
as great as though all the rows rotated. 

While these curves indicate relative values of the losses 
occurring in the guide-blades, the results are probably quite 
different, numerically, when the movable buckets are travelling 
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132 STEAM-TURBINES. 

rapiH3v in front of the guide-buckets and disturbing the steady 
flow of steam. 

Effect of Clearance between Sets of Buckets. — In turbine 
construction it is necessary to provide clearance between the 
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moving and stationary rows of blades or buckets, and this 
was not allowed in the previously described experiment for 
finding the effect upon the impulse of increasing the number 
of rows of stationary buckets. 
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To determine the effect of clearance two sets of stationary 
buckets were placed before the movable set, and the clearance 
was obtained by interposing strips of sheet metal between 
the stationary sets. Runs were made with clearances of -h", 
A", and J". 

The curve at the top of Fig. 47 shows the impulse at 80 
pounds initial pressure with varying amounts of clearance. 
The points determined all fall on a smooth curve, and show that 
clearance up to A" hag apparently very httle effect in diminish- 
ing impulse. From A" to A" the loss is noticeable, and after 
A" it is great, increasing rapidly with the clearance. On the 
lower part of the page are shown curves of impulse with differ- 
ent clearances. Calling the impulse obtained with no clearance 
at all 100 per cent, the losses due to increased clearance are as 
follows at 100 pds. initial pressure by gage. 

Buckets clamped close together, no 

clearance impulse 4.8 pds. = 100% 

A-inch clearance " 4.8 " =100% 

A- " " " 4.5 " = 94% 

" " 3.6 " = 75% 

These figures and the curves indicate that the clearance 
between rows has an important bearing upon turbine econ- 
omy. A certain amount of clearance is necessary for me- 
chanical reasons, especially since the parts of the machine are 
exposed to high temperatures. Especial attention to this 
point is "required in machines that are to use superheated 
steam. 

Use of Air instead of Steam. — The nozzle directing the 
jet upon the buckets was attached to a source of compressed- 
air supply, the remainder of the apparatus being the same 
as that used in the steam experiments excepting that the 
canvas shield used with steam was no longer necessary. 

As is shown by the curves (Figs. 48 and 50), the impulse 
with air was in each case about 12 per cent higher than with 
steam of corresponding initial pressure. The effects produced 
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were the same in character as those produced by steam, and as 
air was more agreeable to operate, the remaining experiments 
were made with it instead of steam. 

Effect of "Cutting Over" the Edges of the Buckets. — The 
nozzle angle was shifted from its former position so that instead 
of directing the jet tangentially upon the bucket surfaces at 
entrance, it caused the stream to be divided or split by the 
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Impulse ol Air Jet on Buckets, FoundB 
Fro. 48.— Kelation between impulee produced by steam and by air. 



edges. The results are shown in Fig. 49 for 100 pounds 
initial pressure. The most efficient an^e was foimd to Ic 
that given tangency of the stream to the buckets, or 22J degrees 
with the vertical. Larger angles cause an action against the 
backs of the buckets, while with smaller angles the stream 
is spread by the edges of a number of buckets and does not 
strike any as efficiently as when directed tangentially to the 
bucket surfaces at entrance. 
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Efficiency of Rough Surface Buckets as Compared with those 

haring Smooth Surfaces. — ^The bucEets as used in the previous 
experiments had been finished to very smooth surfaces and 
it was desired to find out to what extent this contributed 
towards high efficiency. The buckets were therefore taken 
from the damps, covered with shellac and sprinkled with 
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ANGLE OF NOZZUE WITH 

^Q. 49. — Effect of cutting over the edges of the buckets. For these ez> 
perimeuts 22J° waa found to be the angle of nozzles giving highest efficiency. 

brass filings. These were allowed to stick and they effectu- 
ally roughened the surfaces. The buckets were then reset 
in the clamps and runs were made, using air as the working 
fluid, with one set of movable buckets and also with two sta- 
tionary sets placed before the movable set. 
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The losses resulting from increased skin friction were very 
considerable. With one set of movable buckets only, the 
loss amounted to 6 per cent — that is, the impulse at 100 pounds 
initial gage pressure was only 94 per cent of the impulse for 
smooth buckets at the same pressure. The curves, Fig. 51, 
show the relation between the impulse as received upon smooth 
and upon rough buckets respectively. The runs made with 
two extra sets of rough buckets placed before the set of mov- 
able buckets show very much increased losses and indicate 
that the loss is directly proportional to the number of sets 
added. The investigators plotted a curve (not reproduced 
here) based on this indication, and concluded that, calling the 
smooth buckets 100 per cent efhcient, the following would 
result from the addition of successive sets of rough buckets 
of the kind employed in the experiments. 

Efficiency. 

One set smooth buckets 100 per cent. 

" " rough " 94 " " 

Two sets rough " 82 " " ! 

Three" " " 64 " " | 

Four " " " 42 " " 

This means that if the working fluid were caused to pass 
through four sets of such rough buckets as used, before strik- 
ing the single movable row of rough buckets, the impulse 
upon the latter would be less than half of what would be obtained 
with one set of smooth buckets acted upon directly by the 
jet from the nozzle. 

The following inferences are drawn from the ezpeiimeatal 
work discussed in the preceding pages : 

1. Rate of flow, by weight, is greater through an orifice 
with rounded entrance than if the entrance is sharp-cornered 
or only slightly rounded. 

2. Rate of flow, by weight, is decreased by the addition of 
a nozzle, either diverging or straight, to the discharge side of 
the orifice. 
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3. Rate of flow, by weight, reaches a manmum when the 
final pressure is from about 0.85 to 0.50 times the absolute 
initial pressure. 

4. The maximum rate of flow from the sharp-cornered 
orifice occurs after a somewhat greater reduction of back pres- 



Apparatus used by Mr. George Wilson, for determining reaction due to steam 
flow from orifice at M. (Reproduced from London "Engineering," 1872.) 

sure than is required with the rounded orifice to bring about 
the maximum rate of flow. 

5. The addition of a divergent nozzle to the orifice seems 
to cause the maximum rate of flow to occur earlier — that is, 
after less reduction of back pressure — than is the case with the 
simple orifice. 
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6. The velocity attained depends to some extent upon the 
rounding of the orifice or entrance to the nozzle, and may be 
greater with the square or slightly rounded entrance than 
when the rounding is of greater radius. 

7. As shown in Figs. 53 and 54, from the experiments 
of Messrs. Weber and Law in Sibley College, and Fig. 55, 



Apparatus used in Sibley College experiments with nozzles and buckets. 

from Dr. Stodola's "Steam-turbines," there is, with all shapes 
of orifice there represented, a sudden drop of pressure imme- 
diately in the narrowest section of the orifice, to below the 
back pressure, then a rise of pressure as the steam leaves 
the orifice, accompanied by variations above and below the 
back pressure, till the pressure in the jet gradually steadies 
down to that of the medium into which it is flowing. The 
Sibley College experiments were made with the searching-tube 
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communicating with the piston of an ordinary steam-engine 
indicator, and the rapid vibrations were not indicated to the 
same extent as in the experiments described by Dr. Stodola. 



Effect of Inereaacd Bacfc Preagure. 




8. According to the experimental work discussed, a simple 
orifice is more efficient than an expanding nozzle for initial 
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pressure up to about 70 pounds absolute; for higher initial 
pressures an expanding nozzle, with entrance only dightly 
rounded, is to be used, and its efficiency increases as the initial 
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pressure increases. Plate III shows a value of j/ = 0.06 for 
pressures about 200 pounds by gage. Such high efficiency 
cannot be obtained with an incorrectly designed nozzle. 

9. It appears that steam flowing through a simple orifice 
does not attain a greater velocity, while in the orif/x itself, than 
from 1400 to 1500 feet per second, no matter how much the 
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pressure is reduced in the receiving space. However, as shown 
on page 117, the velocity of the jet issuing from a simple 
orifice into the atmosphere, as indicated by the reaction 
against the discharging vessel, may be as high as from 2600 
to 2700 feet per second. The fact that the weight of flow 




FiQ. 55 * 

can be so closely calculated upon the basis of a heat drop cor- 
responding to about 1500 feet per second velocity in the orifice 
is significant of the truth of the first statement. The additional 
drcumstances that the reaction indicates a much greater final 
velocity of efflux, and that the simple orifice has been found in 
practice to be superior in efficiency to the expanding nozzle 

* Figi. 55, 55a, and 56 are from Dr. Stodola's book on Steam Turbines. 
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for low initial pressures, lead to the conclusion that a conad- 
erable portion of the energy in the steam after it leaves tlie 
throat is effective in further accelerating the jet in its initial 
direction. The remainder of the energy given up is spent 
in producing the vibrations already described, and in causing 
a general displacement of the atmosphere into which the jet 
flows. It is the province of the expanding nozzle attached 
to the simple orifice to contain the steam during its total 
expansion from initial to lowest possible back pressure, and 
to thus cause the velocity of the jet to attain the maximum 
value corresponding to the total change from energy in the 
form of heat to kinetic energy of the jet, and to direct the flow 
into a given line of action, so that the jet may he usefully 
employed. 

10. In the divei^nt or expanding nozzle the interchange 
of heat energy between the steam and the walls of the nozzle 
causes more heat to be rejected in the exhaust than would be 
rejected if the flow were frictionless. This is one cause of loss 
of energy and therefore of diminished efficiency. 

11. Another loss of energy may occur, due to incorrect 
proportions of the nozzle; that is, while having correct cross- 
sectional areas for the desired flow of steam, the nozzle may 
be too long or too short, and thus the angle of divergence may 
be such that the jet will leave the nozzle walls and so not fiU 
out the cross-sections. This leatls to vibrations of the stream 
and con-sequent loss of energy. The nozzle should be so ar- 
ranged that the steam will expand while in the nozzle to just 
the pressure of the medium into which it is to flow. The curves 
A, C, and D, in Fig. 56, show the vibrations occurring when 
the back pressure is either less or greater than that at the end 
of expansion in the nozzle. Curve B shows the correct con- 
dition, the back pressure being just that at the large end of 
the nozzle. In Figs. 53 and 54 are shown curves obtained by 
Messrs. Weber and Law by the use of a searching-tube and 
indicator as before described. 

These ciuves show, for varying back pressures but con- 
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etant initial pressure, the drop occurring at once upon arrival 
of the steam in the throat of the nozzle, and the rise following 
the initial drop of pressure. The smooth curve bounding 
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the ends of the pressure curves on Fig. 55 is the curve of 
adiabatic expansion. 

The fact seems to be that a great increase in velocity occurs 
at entrance to the nozzle, after which the velocity is checked 
and the pressure rises. Dr. Stodoia explains this a.* ". . . be- 
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cause steam particles possessed of great velocity strike against 
a slower-moving steam mass, and are therefore compressed to 
a hi^er degree . . . according to the theory of 'compression 
shock ' of Von Riemann." 

Curve N, Plate IX, was plotted from a tabulated series 
of results of experiments published by Dr. Stodota in his work, 
"The Steam-turbine." The curve represents the fall in pres- 
sure as the steam advanced along the nozzle shown above the 
curves; curve j4 has been calculated with the value ^ = 0.20. 
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This is seen to coincide very closely with the experimentally 
determined curve. 

Curves B and C represent calculated pressures along the 
nozzle with allowances of 10% and energy loss respects 
ively. Assuming that the nozzle was so designed that the 
steam filled out the cross-sectional areas, the velocities along 
the nozzle were as given by the velocity curve, reaching about 
3400 feet per second. 

The experimentally determined pressures used in plotting 
curve JV were those obtained with the hole in the side of the 
searching-tube sloping against the stream, and were higher 
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than when the hole was noi-mal, or when it aioped away from 
the stream. If the lower values are more nearly correct, then 
the energy loss was less than 20%. 

The initial pressure used in the experiments is given as 
149 pounds absolute. By comparing the friction loss of 20% 
with that indicated on Plate III, the latter is, for the same 
initial pressure, only 12%, and this tends to confirm the 
inference pointed out by Dr. Stodola, that the friction loss 
is lower than 20%. The values of y calculated in the table 
at the end of Chapter V, from the Sibley College experiments, 
show, for 110 pounds absolute pressure, a frictional loss of 
12.5% in the expanding nozzle used. 
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CHAPTER VII. 

THE IMPULSE-TL-RBINB. 

The impulse-turbine may be designed in any one of the 
following ways: 

(a) Single stage, conasting of a set of nozzles and a single 
wheel carrying one row of blades. The pressure is the same 
on the two sides of the wheel, or disc, the whole pressure drop 
occurring in the nozzles. This gives very high peripheral 
velocity, and since the diameter must be kept small enough 
to keep frlctional resistances within limits, the number of 
levolutions is very great. The de Laval turbines run at speeds 
of from 10,000 to 30,000 revolutions per minute, ^ving a 
peripheral velocity of 1200 to 1400 ft. per second. The exces- 
sive angular velocity of the rotating part necessitates the use 
of gearing in applying the power to machines. 

(b) Other rows of blades may be added, either upon the 
single wheel or upon separate wheels, in order more com- 
pletely to absorb the energy of the steam leaving the nozzles. 
There is no further pressure drop, however, after leaving the 
nozzles, and only one set of the latter is supplied. This type 
has therefore a single pressure stage and several velocity 
stages. 

(c) The first nozzles may be so arranged as to expand the 
steam through only a portion of the pressure and temperature 
range available, thus causing the steam to leave the fii^t set 
of nozzles at a much lower velocity than results from the single- 
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pressure-stage turbine. Since good efficiency demands that 
the peripheral velocity of the blades be proportional to the 
entering steam velocity, the peripheral velocity may be decreased 
with the decrease of ateam velocity. The steam is reduced in 
the first nozzles to a pressure considerably higher than the 
condenser pressure, and hence may be expanded through 
another set of nozzles arranged to discharge upon another set 
of blades, on a separate wheel, in a separate compartment or 
division of the turbine-casing from that containing the first 
wheel. The second set of nozzles and blades constitutes the 
second stage of the turbine. By sufficiently limiting the 
pressure drop that can occur in a single set of nozzles, the 
velocity of exit of the steam, and consequently the necessary 
peripheral velocity of the blades, may be greatly reduced. 
The many-stage impulse-turbine thus consists of several 
single-at^e turbines, placed in series with one another. The 
steam leaves each set of blades with considerable velocity, 
but since the next wheel is in a separate chamber, and the 
steam has to pass through a set of orifices or nozzles to reach 
it, the exit velocity cannot be used as velocity. The steam 
comes partially to rest before going through the next nozzles, 
and the energy in the exhaust from the preceding blades is 
expended in producing impact, and consequently in raising 
the temperature and pressure of the steam before it enters 
the succeeding nozzles. Thus the exit velocity from all but 
the wheel next to the condenser is effective in doing work in 
the turbine. In passing through the chambers and passages 
there is loss due to leakage through the clearance spaces, and 
this causes loss of the heat in a certain amount of steam which 
gets through without doing work on the turbine-buckets. 

The Single-stage Impulse-turbine. — The velocity of steam at 
exit from a nozzle may be determined as previously indicated, 
and ^ves the value shown by V in Fig. 57, being the abso- 
lute velocity of the steam as it enters the turbine. 

Considering first a simple impulse-wheel, rotating with a 
peripheral velocity of m feet per second, the velocity of the 
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entering steam, relatively to the velocity of the rotating blades 
on the wheel, will be reprraentcd by d ( = AC) in magnitude and 
direction. In order that the steam may enter the blades 
without shock, the angle of the entering edge of the blades 
with the direction of motion, u, must be J, the same as the direc- 
tion of relative velocity of the entering steam. Assuming that 
no frictional losses occur in the blade-channels, the relative 
exit velocity will be Vi = v. The angle of exit may be made 
according to the judgment of the de^gner, and, as has been 




seen (see page 20), this angle determines to a great extent 
the efficiency of the wheel. Mechanical con^derations prevent 
the obtuning of complete reversal of the jet in this typo of 
turbine. Usually the angle ^ is made equal to the angle J, 
and the cross-sectional area at exit from the blades equals 
that at entrance to them. 

It is shown by the examples on page 23 that if V and 
Vi are, respectively, the absolute velocities of the entering 
and departing steam, the work done upon the blades by W 
pounds of steam passing them per second is 

K = W{V'-Vi^)^2g, foot-pounds. 
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Since the kinetic energy at velocity F=-^--,thee£Bciency 

V^ — Vi^ 
is ya ■ 

The velocities may be represented as shown in F^. 58, V 
and Vi being the initial and final absolute velotuties respect- 
ively- 
Let the initial velocity be 3500 feet per second, = V. 

" peripheral velocity = 1200 feet per second, "=u. For 
tiie ideal case shown at the left on Plate X the relative entrance 
and exit velocity is ii = 2540 ft. per sec. This g^ves Vi, the 
absolute exit velocity, as 1870 ft. per sec. The energy given 
up to the buckets, per pound of steam, is 

<^5«y™)! = i36,OOOfoot-pou„dB. 

This may also be computed by resolving the absolute veloci- 
ties V and Vi along the direction of motion of the buckets, 
and adding the components, multiplying by the peripheral 
velodty, w, and dividing by g. The horizontal components 
may be taken from the diagram by measurement. 

Thus the enei^ given up is 

(C + Ci)» (3030+640) X 1200 ,.^™^ 
g ^ 32:2 = 136,000+. 

Losses in Nozzles and Buckets. — As the steam expands in the 
nozzle it experiences frictional resistances which cause it to give 
up less energy than it would under ideal conditions of flow, and 
the loss therefrom diminishes the nozzle exit velocity, V, to some 
value fV ( = y ), where / is equal to the square root of the 
quantity 1-y in the example on page 83. Thus, for y=0.15, 
/-V0:85=0.92. 

The coeSicient / varies according to the length and other 
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proportions of the nozzle. The initial velocity being V (=fV) 
gives i/ as the real relative velocity of the steam at entrance 
to the first moving blades of a stage. This is further decreased, 
by resistances in the blades, to the value vi' = kv'. The loss 
of energy, per pound of steam, will be, in the nozzle, 

The remaning energy is 

A line representing V may be drawn in the velocity diagram 
at the right of Plate X, and this combined with u gives i/, 
the real relative velocity at entrance to the moving blades 
The loss in the moving blades is 

where k=\/'l — y', y" being the per cent loss of energy occa- 
sioned as the steam passes through the moving blades. More 
properly, y' is the percentage of the available energy which 
is effective in heating the buckets and other steam-passages, 
and so not effective, at the point under consideration, for pro- 
ducing velocity of flow. The remaining energy, after deducting 
both losses, is 

y-2_7,-2_(l_t2)i/2 
2j 

These quantities are to be used in the modified velocity 
diagram at the right on Plate X, and tliis may now be drawn 
according to the following assumptions. Let the loss due to 
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friction m the nozzles correspond to a value of j/ = 0.12; and 
in the buckets let y' = 0,14. The fraction by which the entrance 
velocity is decreased is /, and the actual velocity of the steam 
from the nozzles will be 

V'=fV = VVl^y. 

Therefore f==\/l-y, as before stated; and in the present 
example the value is VO.88, or 0.94, approximately. Then 
F'= 0.94X3500 = 3290 ft. per second. The resulting relative 
velocity is I/-2330, and this is diminished in the buckets to a 
value ki/, where &=V'l-0.14=0.928. The value of i-i' is 
then 0.928X2330=2160 ft. per second, and the absolute velocity 
of exit from the buckets is Fi' — 1570. The nozzle angle 
of course remans as it was before, but the angle J' has become 
slightly greater than the correspondii^ angle J in the ideal 
case. The work done, per pound of steam, is 

„, 3290^- 1570*- 0.14 X (2330)2 ,,^^^, 

K'= g^-^ ^ -119,000 foot-pounds. 

The work done in the frictlonless turbine was found to be 

^"MVP — 1 S702 
K = ^^4 - 136,000 foot-pounds. 

The efficiency in this ideal case was 

3500^-1870^ 

3500^ =0.714. 

The efficiency after deducting the loss due to friction is 

119,000 
136,000^ 

This figure does not represent the true efficiency, because losses 
due to windage and to friction of journals and stuffing-boxes 
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have not been considered. Assuming a loss of 10 per cent 
due to these causes, the work delivered by the machine is 

0.9 X 119,000= 108,000 foot-pounds. 

The efficiency is therefore 0.566. 

Since one pound of steam, in passing through the turbine, 
causes 108,000 foot-pounds of work to be deUvered to the shaft, 
the steam consumption of the machine in pounds per dehvered 
horse-power hour is 

1,980,000 
108,000"^ 

Assuming the revolutions of the wheel per minute to be 
15,000, the diameter to give a peripheral velocity of 1200 feet 
per second is 

1200X60 , „, , . ^,„,. . 
Ti 000x^14 ^ ' °'" *"**"* ^^i inches. 

If the wheel were to deliver 100 horse-power, it would tise 
1840 pounds of steam per hour, or about 0.51 pound per second. 
The nozzle discussed in the example on page 86 would deliver 
about half of that amount of steam, but five or six nozzles of 
smaller diameter and length might better be used than two of 
those referred to. 

The dimensions of the nozzles may be found by the same 
method as used in the previous nozzle calculations. 

The Two-stage Impulse-turbine, with Several Rows of 
Buckets in Each Stage. — Let an impulse-turbine have two 
stages, each containing one set of nozzles, and three rotating 
and two stationary sets of buckets, as shown in Fig. 60. Let 
the initial pressure at the throttle-valve be 160 pounds per 
square inch absolute. 

Let expansion in the first nozzles be from 160 pds. to 14 
pds. absolute. 
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Fig. 60— Vertical section, two-stage Curtis turbine, 500 K.W., 1800 R.P.M. 
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Let expanfdon in the second nozzles be from 14 pds. to 
a vacuum of 29 inches of mercury. 

The ideal case will be considered first, allowing for no 
losses excepting that due to the energy in the exhaust-steam. 

From the curves on Plate XI it is found that the steam 
during its expansion in the first-stage nozzles gains a velocity 
of 2990 feet per second. This may be found with the aid of 
the heat diagram at the back of the book. Thus, 

Ti, corresponding to 160 pds. absolute, = 824° F. abs. 
Ta, " " 14 " " =670° F. " 

Assuming 100% dry steam,— from the chart, the total heat 
is 1192 B.T.U. per pound at the initial pressure. After adia- 
batic expansion the heat in the mixture is 1014 B.T.U 

1192-1014-178 B.T.U. given up. 

The velocity= F=224v'l78=2990ft. per second, approximately. 
Let the peripheral velocity u be 400 feet per second. This 

gives a ratio of p:=0.135. 

Let the angle of the nozzles with the plane of rotation of 
the buckets be 20°. 

The velocity diagram for the first movable buckets may 
be drawn as before, the entrance and exit angles of the 
buckets being the same as those made by the relative velocity 
lines with the direction of motion of the buckets. 

From the relative exit velocity I'l ( = tf) may be found 
the absolute velocity Vi, and, since the stationary buckets 
receive the jet in the (.lirection corresponding to the absolute 
velocity, they may be sketched in, as at B. These stationary 
buckets act as nozzles for the succeeding movable buckets, 
and the direction of the relative velocity line, fa, is used for 
determining the angles of entrance antl exit for the movable 
buckets at C. In similar manner each stationary and mov- 
able set may be outlined. 
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The efficiency of the system U 

yz _ v^ 
y2—> 

where V„ is the final absolute exit velocity. In the present 
case there are five sets of buckets, including movable and 
stationary, and hence n = 5. 

The distance YZ, Hate XII, equals u{n + 1), and 

.7„2 = V2+l(n + I)uP~2r(n4-I)Mcosa. 

For the ideal case under con^deration the efficiency is 

Fg-r„' 2(Ti + l)MC0aa \{n^l)u\^ 
y2 " y y2 • 

In the single-stage turbine n = l and the efficiency is 

as was shown on page 23, Chapter I. 

In the present case n = o; cos 20° = 0.94, approx. 

^„ . 2X6X400X0.94 (Q)^x(400)^ „ „„ 
Efficiency 2990 (2990)^ ^■^+- 

From the diagram, Plate XII, V5 = 1080 ft. per sec 



(2990)2 

The variation of efficiency with a and with n and u is 
shown on plate XVII. 

The velocity diagram shown at the left on Plate XII is 
for the ideal case. The velocities represented by the various 
lines are as follows: 
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V = absolute velocity leaving nozzles. 
Fi- " " " buckets No. 1. 

72=- " " " " " 2 and equals Vi. 

F3= " " " " " 3. 

74= " " " " " 4 " " Vi. 

78= " ' " " " 5. 

v= relative velocity leaving nozzles. 
ri= " " " bucltets No. 1 and equals V. 

1),. " " " " " 2. 

Vi= " " " " " 3 " " t>8. 

,,- " " " " " 4. 

1)6= " " " " " 5 " " Vt. 

Since there are no losses during the passage of the steam 
through the nozzles and buckets, all the energy given up is 
effective in producing rotation, and the work done maV be 
calculated as follows: 



In first movable buckets, (2990? - (2230)' 
"second" " (2230)' -(1560)' 

"third " " (1560)' -(1080)' 



64.4-61,700 ft.-lbs. 
64.4-39,500 " 
64.4-19,600 " 



Total 120,800 ft.-lbs. 

This is to be compared with V^-V^-^2g 
(2990)' -(1080)' 



64.4 



- - 120,800. 



„ „. . (2990)' -(1080)' „„ 
The efficiency is ^ ' ^^ — - -0.87. 

The velocities obtained in actual turbines are less than 
those just considered, because of the frictional resistanceB 
encountered by the steam in its passage through nozzles and 
buckets. The diagram is therefore to be modified accord- 
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ing to the reduction in velocity, and the blade angles made 
to correspond. 

CaUing the loss of energy y, aa before, let the initial veloc- 
ity V correspond to the value y=O.OS. 

The steam, aa it Issues from the nozzle, will then have a 
velocity of 

y =224^178x0.92=2870 feet per second. 

Let the steam, as it passes through the buckets, fail to 
gain the full velocity of the ideal case because of frictional 
resistances represented by the following values of y: 

During passage through set No. 1 j/=0.D3 

" " 2 j/ = 0.05 

" " " " 3 y=0.06 

" " 4 y = Om 

" " 5 y=0.07 

The velocities to be used in laying down the diagram will 
then be: 

y = 2870 feet per second, as already found. 



V-ssoovi-o.oa 


= 2450 feet per second. 


7,'-2080Vl-0.05 


-2030 " " " 


ti3'-169(Vl-0.06 


-1640 " " " 


r,'- 1320V' 1-0.07 


-1280 


!.s'-1020Vl-1.07 


- 985 " " " 


F5' = final absolute velocity 


- 850 " " " 



The resulting modified velocity diagram is shown in the 
center of Plate XII. The efficiency of this stage of the tur- 
bine is not represented, as before, by the difference of the 
squares of the two absolute velocities, — initial and final, re- 
spectively, — for the decrease of the final velocity Vs below the 
value in the ideal case is due to the fact that the steam is 
carrying away with it heat enei^, which in the ideal case 
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would be ^ven up as kinetic energy corresponding to in- 
creased velocity. The heat carried away is available for doing 
work in the second stage of the turbine. 

The work done on each of the movable sets of buckets 
may be determined as was done in the case of the single-stage 
turbine discussed on page 157. Thus, for the nozzles and 
first moving buckets, 

V'=fV, where /=\/r^=Vl -0.08 = 0.96. 

Therefore V"' = 0.96x2990 =2870 feet per second. 

The work done on the first moving buckets is 



28702 _ 2080» - 0.03 X 2500« 



58,000 tt.-pda. 



Similarly, the worlc done on the second moving buckets, that is, 
on set No. 3, is 



2030" -1330=- 0.06 > 



33,800 tt.-pda. 



Finally, the work done on the last moving buckets (set No. 
5) is 

Ki' - 1 (y.'P - (F.')» - 0.07 X Wr I +2j 

1280' -8502-0.07x1030= ,,,„„ . 
= ^Ta ~ 13,100 It.-pds. 



The total work done on the wheels by the steam, per pound, 
is the Sum of these amounts, or 104,900 foot-pounds. 

In the ideal case the work was 120,800 foot-pounds, and 
the efficiency was 0.87. 
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The efficiency in the present case is 

104,900 



The steam consumption of this turbine, if no further stage 
were added, would be 

1 dso 000 

ifuonn ^ ^^'^ pounds per horse-power hour. 

If there were a loss of 10%, due to friction of journals and 
to windage, as was assumed in the case of the simple impulse- 
turbine of one rotating wheel, the steam consumption of the 
first stage of turbine in the present example, if worked alone, 
wouki be about 21 pounds per horse-power hour. This is 
about 12% higher than that of the simple turbine, but the 
important difference between the two machines lies in the 
fact that, while the simple turbine considered has a peripheral 
speed of 1200 feet per second, and a ratio of initial steam 
velocity to peripheral velocity of 2.9 to 1, the turbine with 
three rotating wheels develops power with about equal economy 
when working at a peripheral velocity of 400 feet per second, or 
one third that of the simple turbine, and with a ratio of 
peripheral to initial steam velocity of about 1 to 7.2, It is 
to be remembered, also, that the simple turbine considered 
is assumed to exhaust into a condenser, although it has some- 
what low nozzle efficiency; while the turbine with three rotat- 
ing wheels, is assumed to be exhausting at about atmospheric 
pressure. This was done in the present example in order that 
the effect of adding a second set of nozzles and three more 
rotating wheels might be shown, and it remains to investigate 
that part of the problem. 

Calculations for the Second Stage of the Turbine. — From 
the heat diagram it was found, in the first part of the example, 
that steam in expanding adiabaticaily from 160 to 14 pounds 
absolute pressure gave up 178 B.T.U. per pound. In a frio- 
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tionlesa and otherwise ideal turbine all of this energy would 
be effective in producing velocity of flow in the nozzles. The 
frictional resistance opposed by the surfaces of nozzles and 
buckets causes the steam to give up less heat as work on the 
buckets, and therefore to carry away more heat into the ex- 
haust, than it would in a frictionless turbine. The useful 
work done upon the buckets of the three moving wheels con- 
sidered has been found to be 104,900 foot-pounds per pound 
of steam. This is equivalent to 135 B.T.U. 

If losses caused by leakage past the buckets, and by 
mechanical friction, windage, etc., be neglected, the steam at 
exhaust from the last of the three movable buckets will 
possess an amount of heat greater than it would have 
possessed after purely adiabatic expansion, equal to 178— 
135 = 43 B.T.U. per pound. After adiabatic expansion, if 
such had occurred, from 160 to 14 pounds absolute, the steam 
would contain 1014 B.T.U. per pound, and its quality would 
be 0.868. The heat of vaporization of dry saturated steam 
at 14 pounds absolute is 967 B.T.U. There is present in 
each pound of the mixture of steam and water 1.00—0.868 = 
0.132 pound of water, and to evaporate this would require 
0.13 J X 967 = 1L>8 B.T.U. The amount of heat available for 
accomplishing evaporation, and therefore for increasing the 
quality of the steam, is 43 B.T.U. This is sufficient to in- 
crease the quality by j2gX0.132 = 0.0443. The quahty of the 

steam entering the second-stage nozzles will then be 0.868+ 
0.044 = 0.912. 

Steam of 14 pounds absolute pressure and 0,912 quahty 
contains 1060 B.T.U. per pound. This steam is to expand 
in the second-stage nozzles to a final pressure corresponding 
to a vacuum of 29 inches of mercury or a temperature of 540 
degrees absolute. Following the vertical hue on the heat 
diagram from the state-point for the steam before it enters 
the second-stage nozzles down to the line of 540 degrees abso- 
lute temperature, the heat contents of the mixture of steam 



Dig,, z.d by Google 



168 



STEAM-TV HBINES. 



and water, after expansion, is 875 B.T.U. The heat avail- 
able for producing velocity in the jet from the second-stage 
nozzles is then 1060-875 = 185 B.T.U. 

The heat employed in the first stage was. . 135 B.T.U. 

Total 320 B.T.U. 

The total heat drop during expansion of dry saturated 
steam from 160 pounds absolute to a vacuum of 29 inches 
is 320 B.T.U., in case the quality of the exhaust is as indicated 
by the above calculation, that is, 0,78. The quality after 
adiabatic expansion would of course be lower than this. Let 
the energy loss due to friction in the second-stage nozzles 
be that corresponding to a value of y = 0.26. The initial 
velocity of steam, as it strikes the first buckets, will then be 



V" = 224v'l85 X 0.74 = 2620 feet per s. 
Let the values of y for the second stage be a.s follows: 



During passage through set No, 1 y=0.05 

" " " " " 2 y = 0.06 

" " 3 i/ = 0.08 

" " " " " 4 j/=0.10 

" " " " " 5 y = 0.12 

The velocities will then be as follows; 

V" =2820 feet per second, as already found. 



l;,"-2250V'l-0.05 


= 2190 feet per second. 


yj"-1800v'l-0.06 


-1745 " " " 


»,"-1400Vl-0.08 


-1345 " " " 


7,"-107(Vl-0.10 


-1015 " " 


iV- 780V1-12 


- 730 " " " 


78" = final absolute velocity 


- 520 " " " 



D,„„.db, Google 



THE IMPULSE-TURBINE. 169 

As the losses increase, the blade an^es become greater 
and greater, and the designer may decide to limit the size of 
exit angle. Suppose, for example, it were thought advisable 
to limit the exit angles to 45° or less. The angle of V^" would 
become larger than 45" if the method of laying out the dia^ 
gram were not changed. A Une X"L may be drawn making 
an angle of 45° with the line of action of the buckets, and i?4" 
may be revolved so as to coincide with X"L. Completing 
the diagram as shown, by measuring off each succeeding 
velocity Une, as v^" upon X"L, the corresponding velocities 
may be found, and the exit angles of the buckets made as 
desired. A similar change might have been made in the dia- 
gram for the first stage, and would have resulted in smaller 
exit angles for the last buckets. This would have slightly 
increased the efficiency of the first stage, but that it would 
have improved the turbine as a whole is doubtful. 

The work done by the steara upon the moving buckets 
of the second stage may be calculated as was done for the first 
stage. 

For the first moving buckets, 

^_„ J2620)^-(1800^^-0.05X(2W ^ 52,200 ft.-pd. 

j,„ (1745)'-(1070)'-0.08X(1400y ^^ „ 

^ 64.4 ' 

„„ (1015)' -(520)'- 0.12 X (780)' „ 

64.4 ' 

Total work of second stage 89,900 ft.-pds. 

Work of first stage of turbine, 104,900, say 105,000 

Total work of turbine, per pound of steam, 194,900 

Taking the losses due to friction of journals, windage, and 
leakage as 22 per cent of the work done by the steam, the 

steam consumption of the turbine is iQg'non'yn ' Ta '-^^ poimds 
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per delivered horse-power hour, approximately, or 17.4 pounds 
per K.W. hour. 

These calculations are based upon saturated 5t«am at the 
throttle-valve. When superheated steam is used the losses 
are much lower and the economy correspondingly higher. 
This is shown in the tables of performance of the various tur- 
bines, the steam consumption being as low as 11.3 pounds 
per electrical horse-power hour when operating with 200 de- 
grees F. superheat. This means 15.1 pounds per K.W. hour. 

Up to this point nothing has been said as to the amount 
of power the turbine is to develop. It has been shown that 
the steam consumption per delivered horse-power at the tur- 
bine shaft may be expected to be 13 pounds. This economy 
refers to the full-load conditions, and the steam consump- 
tion will increase at loads below and above full loads. If 
the turbine is intended for operating an electric generator 
having an efficiency of 0.88, the steam used per electrical 
horse-power hour will be 14.8 pounds at full load. This will 
be increased by from 15% to 20% at 50% overload. Taking 
the increase as 15%, the steam consumption at 50% over- 
load will be about 17.4 pounds per electrical horse-power 
hour. 

Let the turbine be required to operate a generator deliv- 
ering 400 electrical horse-power at full load, and 600 electrical 
horse-power when called upon for maximum overload. The 
total amount of steam required will be "s follows: 

Full load, 1^ = 14.8x400-^3600 = 1.65 pounds per second. 

At 50% overload, Tf' = 17.4x600^3600=2.9 pounds per 
aecond. 

To find ike diameter of the turbine wheels, and the area for 
■passage of steam through the second-stage m>zzles.~Thc peri- 
pheral velocity of buckets having been decided upon during 
the design of the buckets, the rate of revolution of the turbine 
fixes the diameter of the wheels. Let the R.P.M. be 2000. 
Then for a peripheral velocity of 400 ft. per second the mean 
diameter of bucket circle will be 



Dig,, z.d by Google 



THE IMPULSE-TURBINE. 
400X60 



3.14X2000 



= 3.82 feet or 46 inches. 



It has been assumed in the present problem that the steam 
pressm-e at entrance to the second-stage nozzles will be 14 
pounds absolute. The second^stage nozzles will be non-expand- 
ing, while those of the first stage wiU be expanding nozzles. 
The pressure in the throat of the second-stage nozzles will be 
about .577x14 = 8.10 pounds absolute. The total loss of energy 
in these straight nozzles has been assumed to be that corres- 
ponding to ^=0.26 (see page 168). Assuming that the steam 
expands to the shell pressure before entering the first row of 
buckets in the second stage, the mitial velocity has been shown 
to be 2620 feet per second (see page 168). But this is not 
the velocity in the entrance or orifice of the nozzles. Let the 
friction loss in the orifice be represented by y=0.08. The heat 
contents at entrance to the nozzles is 1060 B.T.I', per pound. 
The steam is to fall in pressure at once upon entering the 
nozzles, to 8.1 pounds, and to be dried to a certain extent dur- 
ing this drop in pressure. The mitial quality is 0.912 (page 
167), and if the expansion to 8.1 pounds shouid be adiabatic 
the heat diagram shows that the quality in the orifice would 
be x' = 0.885 and the heat contents 1023 B.T.U. per pound. 
Since the heat of vaporization at 8.1 pounds absolute is 986, 
the increase in quantity due to the heat of friction will be 
x" = .08(1060-1023)^986. = 0.003 (see page 83). The quality 
in the orifice will then be 

x'+x" =0,885+0.003=0.888. 
The corresponding heat contents is 1028 B.T.U. per pound. 
The velocity in the orifice is 224^(1060- 10-8) = 1255 feet per 
second. Since the specific volume of dry steam at 8.1 pounds 
absolute is 47 cubic feet per pound, that at 0.888 quality will 
be 47.0x0.888=41.7 cubic feet. The necessary cross-sectional 
area of the orifices, collectively, will then be 

. 2.9X41.7X144 ,„^ 

12^^ ~ ^ square mches. 
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The nozzles through which the steam expands into each 
shell of the turbine are ordinarily of four-sided cross-section, 
slightly munding at the throat in some cases; but each nozzle 
presents a four-gided outlet {ABCD, Fig. 64), next to the first 
row of buckets. The radial walls are often formed of steel 




plate about A inch thick, cast into the nozzle frame as shown 
in Fig. 63. 

The general arrangement of turbine casing and nozzles is 
shown diagrammatically in Fig. 64, the pitch of nozzles beii^ 
greatly exaggerated in this diagram. The steam is led into the 
first stage of the turbine through expanding nozzles, and into 
the succeeding stage or stages through straight nozzles, of 
uniform cross-sectional area. These nozzles are short, and the 
exit ends are cut off parallel to the plane of wheel rotation. 

The first-stage nozzles may occupy only a small part of the 
annular space available for them; but in the final stage, owing 
to the great volume of steam to be passed, it may be necessary 
to utilize the entire avaOable space. If the turbine should be 
small in diameter, comparatively, the nozzles might require to 
be of such height radially that the buckets, especially the last 
row of the stage, would be higher than good practice permits. 
The whole circumference is not ordinarily available for nozzles, 
because of structural conditions; for example, the diaphragms 
may be made in halves, and the Sai^es for joining the two 
parts take up some space. In any case, there is a certain angle 
at the center of the shaft, which can conveniently be subtended 
by the nozzles. The latter may be disposed in two groups, 
-each subtending half the total angle available, one group being 
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in each half of the diaphragm. It becomes necessary to deter- 
mine the height B which the nozzles must have, to afford the 
requisite cross-sectional area of steam passage. 

Referring to Fig. 64, the angle d which the design permits 
the nozzles to subtend, and the other particulars to which 




Fia 64— Diagrammatic representation o£ nozzles in a Curtis tnibinE. The 
pitch ot noaale walls is purposely exaggerated. 

sjTnbols have been given, are related to each other In the fol- 
lowing manner. The fraction of the pitch of nozzles, p, which 
represents clear opening in an axial direction (axial with 
respect to tie turbine axis) is 
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Supposing, for example, a turbine having a pitch diameter of 
46 inches, as in the present example, should have nozzle walls 
made of A-inch plate, and that the angle a =20° for the nozzles 
of the last stage. Let the pitch, p, =1.46 inches. 

TTiis means that the nozzle walls occupy 12i% of the space 
devoted to nozzle openings in front of the buckets. 

The nozzles, as a whole, subtend an angle of J degrees at 
the center of the diaphragm, and the whole length of arc of pitch- 

TCDJ 

circle included by the angle J is -^o^ inches. Then the mean 

net length of the space occupied by nozzle outlets, after taking 
out the area occupied by the ends of the nozzle walla, is equal to 

k,rDJ 
360 ■ 

The area perpendicular to the direction of steam flow through 
the nozzles is, then, 

=0.0087HDU sm a. 



Applying this to the case in hand, the required area A is 
13.9 square inches; D = 46 inches; a=20''; sin a = 0.342. Let 
the angle J = 120°. The necessary height of nozzles will then 
be 

13.9 
^°'0.0087x46X0.875Xl20X0.342'"^-^^ "^^ ^' 

The height of the buckets nearest the outlet end of the 
nozzles is made about 2i% greater than the nozzle height. 
This would make the first row of buckets in the present case 
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0.995, or ^proximately 1 inch high at the steam-inlet side. The 
ratio between the maximum height of the last row of buclteta 
in a ^ven stage and the minimum height of the first row, is 
called the "height-ratio." If this should be made equal to 
2, in the present case, the maximum height of the last bucket 
would be 2 inches. 

The meaning oi the term " hei^t-ratio" will be understood 
by reference to the figures on page 163. The relative areas 
for passage of steam through the successive rows of buckets 
are of more value than are the height-ratios; but the latter, 
with given bucket-shapes and spacing, serve as something of 
an indication of the value of area ratios. 

Efficiency of steam turbines. Desi^ of impulse-turbines on 
the basis of experimentally determined stage efficiency. Heat 
analysis of steam (urfrincs.— Steam-turbine efficiency is ordi- 
narily expressed as the ratio of the work actually delivered 
from the turbine shaft per unit of time, to that which would 
have been delivered if the steam had expanded adiabatically, 
and the total energy available from such expansion had been 
transformed into mechanical work. As an example, suppose 
the initial steam pressure to be 165 pounds absohite per square 
mch, and that the steam were superheated 100 degrees F. 
From the chart at the back of the book the steam would con- 
twn, in its initial condition, 1252 B.T.U. per pound. If the 
steam should expand adiabatically to a pressure of 1 pound 
absolute (562 degrees), its final heat contents, found by passing 
down an adiabatic line on the chart to 562 degrees, would be 
910 B.T.U, A perfect engme would deliver mechanical energy 
equivalent to the difference in heat contents between the initial 
and final states of the steam, and would completely utilise, 
therefore. 1252-910 = 342 B.T.U. per pound of steam used. 
This is called the available heat, H, per pound of steam, and is 
equivalent to 778 H, foot-pounds, or, in this case, 
778X342-266,076 foot-pounds. 

Smce the expression "one horse-power" means an expendi- 
ture of 33,000 foot-pounds per minute, or 1,980,000 foot-pounds 
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per hour, the number of pounds of steam which a perfect engine 
would require per hoise-power hour under the above condi- 
tions, is 

1,980,000 ^, . , , 

"266076" " approximately. 

If an actual engine, operating under the same contUtions, 
uses 13 ix)unds of steam per delivered horse-power hour, its 
efficiency is 7.4-^13=0.57. 

The efficiency of any steam engine may be calculated in a 
similar manner, from results of tests; thus 



Efficiency = 



«,000 



water rateXavailable energy in loot pounds per 
pound of steam per hour. 

The table given below shows the use wluch may be made 
of such calculations in determining the effect upon efficiency 
producecl by varying conditions of operation. 

Calculating from the water rates given below the variation 
of efficiency with load and with superheat is shown in the 
following table. (Particulars of turbine given below.) 



.«.S„pe..«t. 


Saturated Stum. 


IT 


B.H.P. 


W.R. 


Effic 


-7.8 + W.R. 


Test 


B.H,P. 


W.R, 


EffiB,-8.35+W.B, 




269 


16.2 




.481 


1 


245. 


19.4 






402. 


14.6 




.634 


2 


406. 


16.2 


.516 




649. 


13.3 




.586 


3 


650. 


14. £ 


.573 






13.1 




.595 




716. 






."V 


956. 


13.5 




.577 


5 


1144. 


!.=..■< 


.532 


tl 


1195. 


14.1 




.553 











Westinghouse-Parsons 400 K.W. Steam Turbine, 3600 
R.P.M., with automatic by-pass valve. Work absorbed by 
water-brake. Tests to determine economy to be gwned by use 
of 100° F. superheat. Steam-pressure in main steam-pipe 150 
pounds gage or 165 pounds absolute in both cases below. 
Vacuum 27 inches in both cases. Bucket speed varying from 
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157 feet per second at H.P. end to 345 feet per second at L.P. 
end. Available energy at 100° superheat, assuming adiabatic 
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Fio. 65. — Curves of Efficiency and Water-rate forgiven Available Energy. 



expansion to 27 mches vacuum =326 B.T.U. or 254,000 foot- 
pounds per pound of steam. 
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7^ -!-W.R. where W.R.- 



W.R.X254,000 
pounds steam per B^P. hour. With saturated steam, and 
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Fig, 66l — Curves ot Efficiene; 

Experimentally L 

sanie vacuum, avMlable energy^ 237,000 foot-pounds, and 

1 9'^ 000 
efficiency-^ ^j^ 237,000-*-^*''^ ''• 
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The efficiency correspondii^ to a given amount of available 
energy, and given water-rate, may be found approximately from 
the curves in Fig. 65, without calculation. 

If a brake has been used to absorb and measure the work 
done by a turbine, a "torque-line" may be plotted from the 
results of the test, as shown in Fig. 66. With a given con- 
stant rate of steam flow the pull on the bralte-arm varies 
inversely as the speed of revolution of the turbme. If the 
shaft be brought to rest by the brake and the steam caused 
to pass through the turbine as before, the pull on the brake is 
greater than when the shaft is in motion. This is called the 
"standing-torque." If the shaft is permitted to rotate, the 
torque decreases uniformily with increase of speed of rotation. 
The torque-line is straight in all cases, as shown in Fig. 66. 
From the torque-Une and other results of tests, curves of water- 
rate and efficiency may be plotted, based upon such calculations 
as are outlined below. 

Let P. =pull on brake-arm, pounds. 
B.H.P. =brake hors^e power. 

Tr = pounds of steam per hour, total. 
Tr.ffi. = water-rate, or pounds of steam per B.H.P.-hour. 
E. = a-\-ailable energy, foot-pounds per pound of 
steam UFed. 
E^. =effiiciency of turbine, or of the part tested. 
r. = lergth of brake-arm, feet. 
B.P.lf. = revolutions per minute. 

Then ggp. 2rfx(R.P.M.) 

' •'^- 33.000 



2irPx (R.P.MO' 



1,980,000 
Ef.xE ■ 
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1,980,000 33,000 TT 

Bif.xE ~arri'X{R.P.M.)' 



and Eff.= 



l,98O,O00X2m-PX(R.F.M.) 377rPx(R.P.M.) 



33,000 Wx£ 



WYE 



To illustrate the use of this expression for efficiency, sup- 
posmg a torque-line such as is shown in Fig, 66, has been 
obtained, and curves of efficiency and water-rate are to be 
plotted from it. Letr=-5,25 feet; W=I6,700 pounds per hour; 
£1=259,000 foot-pounds available per pound of steam. The 
revolutions per minute and the corresponding values of P are 
taken from the torque-line. 



R,P,M. 


'■ 


E».-^^■'V>J^■p■"^^ 


^■•^-'^W- 


400 
600 
800 
1000 


1925 
J690 
1460 
1230 


.353 
.465 

.535 
.563 


21,7 
16.4 
14.3 
13.6 



The efficiency of complete turbines, and also of component 
stages if tested by themselves, may be ascertained in the man- 
ner mdicated. From a knowlecige of the efficiency of the com- 
ponent parts of a turbine under working conditions, calculations 
may be made as to the probable efficiency of proposed combi- 
nations of those parts into complete turbines. The Rateau 
and Curtis types, consisting of a number of separate wheels, each 
in a separate compartment, are especially well adapted to such 
analysis. In an experimental turbine, specially arranged for 
the purpose, each stage, consisting of a set of nozzles and one 
or more sets of buckets, may be tested by itself. Or certain 
stages, if not each one by itself, may be taken to represent 
average conditions, and the efficiency and capacity of the vari- 
ous stages and combinations of stages may be ascertained by 
a properly arranged series of tests. 

In the calculations for efficiency given above, the loss by 
friction of the shaft in the bearings, etc., is included. This 
should obviously be allowed for only once in a complete turbine, 
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and not in connection with each stage tested. The efficiency 
of each stage may be calculated ou the basis of " bucket horse- 
power," or the power represented by the pull on the buckets, 
independently of the mechanical friction and the wind^e losses, 
these being astertained by separate experiments. 

During the development of the turbine, experience accumu- 
lates mdicating the number of compartments or stages to be 
given to impulse turbines, and the number of "steps-up" in 
diameter of txirbines of the Pareons type. In general, as higher 
initial pressures and degrees of superheat are used the number 
of stages is increased. Such particulars, and those concerning 
the number of rows of movable and stationary buckets to be 
used in each stage of impulse turbines, in order that certain 
efficiences may be obtained; the magnitude and variation of 
bucket angles, best suited to the energy distribution aimed at 
in the various stages; the proportions of nozzles, and the relative 
heights of nozzles and buckets, — such questions are determined 
by experiment, calculation, and scientific research of various 
kinds concerning the action of the steam as it passes through 
the turbine. With all types of steam-turbine at present under 
development such work is being done, and refinements in 
methods of analysis, calculation, and construction are resulting 
in improvement in economy and in operation. 

As an example of the way in which steam-turbines may be 
proportioned upon the basis of such investigations as have been 
discussed in the preceding paragraphs, let it be decided to 
design a turbine of the several stage, velocity-compounded type. 
The efficiency of the different stages at various buckets.speeds 
may be supposed to have been determined and plotted in the 
form of curves showing the variation of efficiency with bucket- 
speed and available energy. 

The question of rate of revolution and corresponding bucket^ 
speed determines the diamct«r of the turbine wheels. The 
revolutions are decided upon according to the speed at which 
it is desired to rotate the shaft of, for example, a generator, or 
propeller wheel to which the turbine is to be connected. The 
efficiency is directly depent'.ent upon bucket -speed and available 
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eneigy. The efficiencies it ia necessary to use are those ob- 
t^ned experimentally with buckets and nozzleu similar to those 
to be used in the proposed turbine. It should, therefore, be 
possible to predict closely what each stage will do in the com- 
pleted machine. The first etage of a velocity-compounded 
turbine may be given such bucket angles and such a number 
of rows of buckets that it will absorb a greater percentage of 
the available energy than is absorbed by any one of the suc- 
ceeding stages. The eiliciency of the first stage may be some- 
what lower than that of the others, but as it is affected by a 
greater heat drop than is allowed in the other stages, the work 
done by the first is in general greater than that done by any 
other stage. 

In order to proportion the steam-nozzles leading from each 
compartment, or shell, to the next, so as to obtain the enei^ 
distribution aimed at in the turbine, calculations are made as 
shown in tabular forms A and B on pages 18^184, The results 
of these calculations relate to the condition of the steam as to 
pressure, quality, temperature, etc., at the entrance to the 
nozzles of each stage. From this infonnation the cross-sectional 
areas of the nozzles are determined so that the requisite amount 
of steam may be discharged into the buckets, per unit of time, 
to ^ve the desired horse power. 

The general scheme of calculation is similar to that used in 
the example worked out on more completely theoretical lines, 
on pages 158 to 173, but in the prosent case there is no attempt 
to definitely locate and allow individually for the frictional and 
other losses in each stage. The experimentally determined 
stage efficiency takes account of all losses excepting windage 
and shaft friction, wliich are allowed for separately, and avoids 
the necessity of detailed analysis. 

The principle foDowed in calculating for the steam condi- 
tion in the various stages is as follows: Steam possessing a 
known amount of avEulable energy per pound is supposed to 
drop in prest^ure and temperature during its passage throu^ 
each stage until it gives up a certain predetermined proportion 
of its available energj'. This drop is supposed to take place 
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adiabatically. But all of the energy pven up in any one stage 
does not appear as work delivered by that stage. That which 
does not appear as work is assumed to be given back to the 
steam to dry it at constant pressure in case moisture has ap- 
peared, or to superheat it, also at constant pressure, in case 
the steam has not yet become wet. The amount of the reheat 
(disregardii^ radiation, conduction, and leakage losses), is rep- 
resented by (1 — e)h,„ where e is the stage efficiency and A, is the 
heat drop in the stage under consideration. 

Let the turbine be required to develop 2000 horse-power at 
1000 revolutions per minute, and let the mean bucket-speed be 
420 feet per second. The mean diameter of bucket circle will 
then be 

^ 420X60 



1000X3.14 



= 8 feet. 



Let the initial pressure and d^ree c& supeibeat be, respeo 
lively, 165 pounds absolute and 100° F. Let the pressure in the 
exhaust pipe be 1 pound absolute or correspond to 28 inches 
vacuum. From the heat digram, the heat contents at entrance 
to the first nozzle-bowls is J7si = 1252 B.T.U.; and the final 
heat contents after adiabatic expansion to 1 pound absolute is 
H,-910 B.T.U. The avculable energy, assuming adiabatic 
expansion, is therefore 

B = ffB,-ff, = 1252 -910 = 342 B.T.U. 

Let the turbine have six stages, and let the energy distnbu* 
tion aimed at be as follows: 

First stage, 0.30 B-ft.,-- 102 B.T.U., approximately. 

Remaining stages, 0.14 B=A„, A^,etc. = 48B.T.U., " 
Let the stage efficiencies be taken from experimentally deter^ 
mined curves, as 0.48 for the first stage, and 0.55 for each 
remaining stage. 

It is now possible to use a heat-diagram to ascertain the 
probable steam condition as to pressure, temperature, quality, 
heat-contents, etc., at the various nozzle-bowls, and to use this 
information in determining the areas of cross section of the 
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various sets of nozzles. The method of makii^ calculations is 
shown below, and the heavy lines in the heat-diagram on the 
back cover of the book show the calculated expansion curve. 

All results in these calculations are in B.T.U. per pound of 
steam. 

Initial heat cont«nt8, per pound of steam 1252 B.T.U. 

Adiabatic drop in first atage nozzles 102 

1160 
Reheat in first stage (1 -0 48) X :02 53 

Heat contents at entrance to eecond stage nozzles 1203 

Adiabatic drop in second stage nozzles 48 

1155 

Reheat in second stage (1 -056)X48 22 

Heat contents at entrance to third stage nozzles 1177 

Adiabatic drop in third stage nozzles 48 

11 L9 
Reheat in third stage ('^ame aa in second stage) 22 

Heat contents at entrance to fourth stage nozzles 1151 

Adiabatic drop ID fourth stage 48 

103 
Reheat in fourth stage 22 

Heat contents at entrance to fifth stage nozzles 1125 

Adialtttic drop in fifth stage nozzles 48 

1077 
Reheat in fifth sta^ 23 

Heat contents at entrance to dxth stage nozzles 1099 

Adiabat'o drop in sixth stage nozzles 48 

1061 
Reheat in sixth fttnge 22 

Heat conteniA of exhaust 1073 

Heat actually Biven np, per pound of steam, 1252 -- 1073- 179 B.T.U. 
Heat that would have been given up during adiabatic ex- 
pansion 342 " 

Efficiency. i^=. 624. 

1 980 000 
The water-rate based on this effiraaioy would be i kaJ j f a ~ '* 2 pounds. 

The efficiencies selected above for the stages have been 
taken at random, and do not necessarily represent the p^- 
fonnance of any particular turbine. 
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It is to be noted that the final temperature and pressure of 
the steam, as shown by the expansion curve on the heat-dia- 
gram, are slightly above the vacuum conditions assumed. A 
difference of this kind will always be found in the calculations 
when the steam in its final condition is moist, and the (difference 
b dependent upon the efficiencies assumed and the heat distri- 
bution employed. The efficiencies used in the present example 
may be assumed to take into account dissipation of energy by 
shaft friction, windage, leakage, etc., and the calculated water- 
rate therefore to be in pounds of steam per B.H.P. hour. 

. In order to find the height of nozzles and buckets in the 
last stage, or in fact of any one of the st^es, the steps to be 
taken are similar to those described on pages 170-173. Thus, 
the area required through the nozzles of the last stage is 227 
square inches, to provide for 2000 horse-power. In case it is 
desired fo provide for an overload of 50%, nozzles may be 
added which can be opened by valves suitably arranged. Sup- 
posing it is desired to provide for a possible overload of 50% 
and that when so overloaded the turbine will require 10% 
more steam per horse-power hour than is required at normal 
load, the area of nozzles to be provided must be increased to 
375 square inches. 

Let the thickness, (, of nozzle walls be A inch and let the 
angle of nozzles with the plane of rotation be 25 degrees. 
(sin 25° = 0.423.) Let the pitch of nozzles be 1.5 inches, and 
let the nozzles subtend an angle at the center of the shaft of 
J ==180°. Assuming that it is not practicable to make one set 
of nozzles occupy half the pitch circle, on account of the bolt- 
ing together of the diaphragm, let the nozzles be made in two 
sets, each subtending 90** and on opposite sides of the turbine. 
The height of nozzles in the last stage will then be 

'^- 00087x96Xo''Ji'5xl80x0.42 r!'''^ '"*"■' '"^^- 

It is to be noted, that while the nozzles leading into all 
the compartments excepting the first are non-expanding, the 
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velocity of steam from these nozzles is Bupposed to be that 
corresponding to the heat-drop from one stage to the next and 
the nozzle efficiency, and not merely the oriSce velocity from 
which the area is determined. That is, the eteam is supposed 
to be acrelerated after it leaves the orifice, or entrance to the 
stTMght nozzles. In this connection reference should be made 
to the experimental work discussed in Chapter VI, where it is 
shown that for initial pressures lees than about 80 pounds ab> 
solute the str^ght nozzle is fully as ^cient, if net more so, 
than the expanding nozzle. 
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THE IMPULSE-AND-REACrnON TURBINE. 

As an mtroduction to the study of the Parsons turbme, 
reference should be made to the descriptive matter on pages 
251 to 270, including figures 86 to 100. Before taking up in 
detail the question of frictional resistances, reheat, and the 
location of the various losses of energy, a simple example will 
be worked out, on a partially empirical basis, assuming adiabatic 
expansion modified by a uniformly distributed heat loss of 40 
per cent. The reheating effect upon the steam will not be 
considered in this example. 

Let it be decided to de»gii a turbine of 1000 B.H.P., taking 
steam at 175 pounds absolute pressure per square inch and 
160^ F. superheat at the throttle, and expanding it to a vacuum 
represented by 28 inches mercury. 

The initial heat contents are found from the heatKliagram 
to be 1288 B.T.U. per pound,=ffi. The final heat contents, 
t^ter adiabatic expanaon to vacuum conditions, are fdmilarly 
found to be 925 B.T.U. per pound, -^2. 

AvMlable energy = ffi-H2=363 B.T.U. per pound. 

Let it be decided to make the ratios of peripheral velocity, u, 

to steam velocity, V, equal to p = . 465, .465, and .435 in the 
1st, 2d, and 3d cylinders, respectively, and let the velocity dia- 
grams on page 221 apply to tliis e xample.* 

* It should be noted here that if, with a given constaat value of u the ratio 
— be increaaed, the velocity V is necceearily decreaaed. V varies directly 
as the square root of the heat given up per stage by the steam, hence there 
ialess and lem energy given up per stage as the ratio^ is increased. Theie- 
fore the number of stages neoessary in order to absorb a given supply of 
available energy inoreases as the ratio <p increases, for a given constant 
value ofu. 
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Let it be amilarly decided to allow a mean peripheral 
velodty of blades in the first cylinder (see page 217 for defini- 
tion of " cylinder") of 140 feet per second, and let the values 
for the second and third cylinders be respectively 200 and 250 
per second. The steam velocities will then be as shown in the 
following table: 



Cyl. So. 


r«et per Second. 


Ffet per ^«oiid. 


1 
2 
3 


140 
200 
■250 


300 
430 
575» 



Let each of tht' throe cyUnders absorb energy in the follow- 
ing proportion : * 



Cyl. No. 


P,rc.... 


Amount .Absorbed. 


1 


25 
40 


0.25X363- 91 B.T.U. 
0.:!5X363 = I27 ■' 
0.40x363-145 " 



Referring to the vdocity diagrams on page 221, and to tile 
explanation on pages 195 to 200, the heat expended per row in 
the three cylinders, allowing for a heat loss of 40 per cent, as 
above stated, is 

.'iOO^-lSO' 



-1.' 



J B.T.U. 



0.00X64.4X778 

430=-270« __ „ 

^- 0.1)0X64.4X778 

575'-380^ „ 

•*■ 6.60X64.4X778 

• It IB customary in designing turbines to assume the pressure drop rather 
than the heat drop in each cylinder. The turbine is usually designed tor a 
pressure of about 16 pounds absolute at entrance to third cylinder, which 
results in about one half the available energy being apportioned to the first 
and second cylinders and the remaining one halt to the third cylinder. 
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The numbra" of rows, including both movable and stationary 
blades, required to absorb the available energy in each stage 
will then be: 



CyI.No. 


No. at Run. 


1 


ik-"-' 


or 24 in rotor and 24 in casing. 


2 


s-« . 


or 17 in rotor and 17 in casing. 


3 


e^;=--. 


or 12 in rotor and 12 in casing. 



If the revolutions per minute are to be 3000, or 50 per 

second, the mean diameters of cylinders to give the i-equired 
peripheral velocity will be: * 



Cyl. No. 


u. 


Dl.™««ofM..„B,a<i.ar.,. 


1 

2 

3 


140 

200 
250 


140 

''0.8& ft.-]0.5 in. -say 10". 

3^jggj,= I.28ft.-15.3in.-^yl5r. 

J ^-1.59ft.'-ia.l in.-,My 19". 



The cross-sectional area of the annular space occupied by 
blades, between the rotor and the casing, is ordinarily made 
from 2 to 3 times the net area required for steam flow at the 
velocity upon which the design is based. This is because the 
ratio of the area of annular space to the area of exit openings 
between the blades varies as the cosecant of the angle of exit 
(see page 206 . The blade height depends upon this ratio, the 
volume of steam passing per unit of time, and the velocity of 
the steam leaving the blades. If the required area at any cross- 
ly used for turbines of this size driving alternators is 
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section is A square inches, the angle of exit a, and if the mean 
diameter of blade-circle at that section is D inches, then 

Blade height = r> ■ ' ■ 
* nu sin a 

Let it be assumed that the steam consumption of the tur- 
bine at the rated full load of 1000 B.H.P. is to be 12 pounds 
per B.H.P.-hour, or that 12,000 pounds of steam are to pass 
through the blades per hour. This is equivalent to 3.33 pounds 
per second. 

The initial steam pressure at entrance to the blades of the 
first cylinder is lower than the throttle-valve pressure by per- 
haips 15 to 25 pounds, because of the wu-e-drawing effect of 
the throttle-valve movement, when acted upon by a flyball 
governor.* 

Assuming that in the present case the pressure at entrance 
to the blades is 150 pounds absolute, and that the steam during 
its e^qjansion through the throttle-valve follows a constant heat 
curve (that is, it expands without loss of heat and without 
doing any work) the temperature will fall from 991 to 987 
degrees absolute. Since the temperature of saturated steam at 
150 pounds absolute pressure is 819 degrees absolute, the steam 
at entrance to the blades is superheated by an amount equal to 
987-819= 168 degrees. 

From the curves of specific volume of superheated steam, 
opposite page 188, the specific volume at entrance is 3.66 cubic 
feet per pound. 

If adiabatic expansion takes place until the steam shall 
have given up 91 B.T.U. the pressure at the end of cylinder 
No, 1 will be approximately 60 pounds absolute, and the tem- 
perature 798 degrees absolute. The steam will then be super- 
heated 45 degrees, and its heat contents will be 1197 B.T.lf. 
per pound. The specific volume will be 7.94 cubic feet. 

* In some types of Pajsons turbine the vMve is coatinually in motion 
and this wire drawing takes place. In othera the valve is either open or 
closed, and the pressure of the steam is constant under a given load. In the 
example the fonner type is assumed. 
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Since the velocity of steam in the first cylinder is to be 
300 feet per second, the necessary cross-sectional area at 
entrance to and exit from the cylinder, respectively, will be 

3.33X3.66 ^^^^ sq. ft. or 5.85 sq. Ins., 



300 

3.33X7.94 

300 ' 



^0.0881 sq. ft. or 12.7 sq. ins. 



Let the exit angles in the 1st, 2d, and 3d cylinders be, re- 
spectively, 22°, 26", and 30°, the corresponding sin^ being 
0.375, 0.438, and 0.500. The mean diameter of the blade 
circle is 10 inches and therefore the blade heights at entrance 
and exit of the cyHnder are, respectively, 
5.85 



3.14X10X0.375 

12.7 
3.14X10X0.375' 



= 0.497", 
= 1.08". 



The heat contents at entrance to the second cj&der ia 
1197 B.T.U. per pound, and ai^batic espanaon is assumed to 
take place until 127 B.T.U. have been ^ven up. The heat 
contents will then be 1197-127=1070 B.T.U., and the pressure 
after passing the second cylinder will be 10} pounds absolute 
(from the heat-diagram). The quality will be 0.92 and tiie 
specific volume 34 cubic feet per pound. 

Assunung that the steam at entrance to the second cylinder 
has the same volume as at exit from the first, the cross-sectional 
area at entrance to the second cylinder (that is, at exit from 
the first row of blades of that cyUnder) should be 

5 sq. ins., 



43iJ 

ana at exit from the cylinder, 
3.33X34 



.„„ ^0.263 sq. ft. or 37.9 sq. ins. 
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The corresponding blade heights at entranoe and exit, 
respectively, are (the mean diameter of cylinder being 15.25 

inches) 

3.14X15.25X0.438 ' ' 
37-9 



3.14X15.25X0.438 ' 

In similar manner tile area at entrance to tlie third cylinder 



575 
ami blade hcight-j^jj^'^^^g^-O.Oy. 

The specific volume of steam at exit from the last row of 
blales in the turbine is 280 cubic feet per pound, and if the 
steani velocity should remain constant at 575 ft. per eec. during 
passage through the blade exits of the last cylinder, the length 
of blades would become inconveniently great. In the present 
case it would be about 10 inches. Such length is avoided by 
increasing the exit-angles of the blades as the last rows are ap- 
proached, thus allowing the steam velocity to increase rapidly, 
and permitting the use of shorter blades. Thus, if the exit- 
angles in the last few rows were made 45° and thereby the 
velocity should be increased to 900 ft. per sec, the cross-sectional 
area requireil would be 150 square inches, and the blade length 

3.i4XUl.0x. 07 ' 

Summing up, such particulars as have been determined for 
the turbine would be as follows: 

Delivered horse-power at full rated load, 1000. 

Revolutions per minute, 3000. 

Number of cylinders, 3. 

Initial steam pressure 175 pounds absolute at throttle. 

Superheat, 160° F. at throttle. 

Vacuum, 28 inches. 
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K 


li 


No.Rowi 
Rotor. 


Peri- 


Steam 
Velooit)-. 


M. 


P^Abl 


Blade 
Inches! 


Bladx 
Length 


1 
2 
3 


10" 

w 


24 
17 
12 


140 
200 

250 


300 
430 
575 + 


91 

127 
145 


1511.0 
60.0 
10.5 


0.497 
420 
0.950 


1.08 
1.80 
3.55 



It will be shown in the following detailed study of the tur- 
bine, how velocity and volume of the steam are affected by 
frictional and other losses, and how these affect the dimen- 
sions of the turbine. 

The work done in the first stationary blades of the fric- 
tionless reaction-turbine is that necessary to accelerate the 



"2}221- 



^E 



Fig. 67, 

jet from its practically zero velocity at entrance to the turbine- 
casing to the velocity I'l at which it enters the first moving - 
blades. If the work in the stationary blades is called K,, 

then 

• Per pound of steam. 
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The velocity relatively to the moving blades, at entrance to 
them, is vi, and this increases to V2 at exit from the moving 
blades. The work done in the moving blades is then 



Part of K, produces pressure against the blades and part is 
lost as exit energy, due to the velocity V'2' 




Fig. 68. 
The total work, including the energy in the exit steam, i 

The work done in the moving blades is to the total work done a 
-j^, and this fraction is called the " degree of reaction." 
The net work accomphshed upon the turbine is 

2g' 
expressed in foot-pomids, and the efficiency is 
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Example No. 1. — Let initial steam-pressure =150 pounds 
per square inch absolute; let the drop in pressure in the first 
set of guide-blades be 10 pds. and let a similar drop occur 
in the first set of moving blades. Let at =30° and let a2=«i- 
Find the work done on the moving blades per pd. steam. Let 
peripheral velocity=250 ft. per second. 

It is first necessary to calculate the velocity at entrance 
to the moving blades. Assume the expansion to be adiabatic, 
with no frictional losses. 




Heat given up in guide-blatles = 6.0 B.T.U. or Vi =550 ft. 
per second. From the velocity diagram, I'l =360 ft. per second. 

The work done in the moving blades is ' „ - foot-pds., 

which equals the heat given up during the passage of the steam 
through the moving blades multiplied by 778. The heat given 
up during adiabatic expansion from 140 to 130 pds. is 6.9 B.T.U. 



Then 
or 
f3=V64.4x6.9X778 + (360)2=\/475;3r2^690 ft. per sec., 

approximately. The work done in the stationary blades is 

7,2 (-550)2 
iC,-^ = -^ =4700 ft.-pds. per sec. 
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The work done in the moving blades is 

„ r,= -iV (690)' - (360)^ ,„_ ,^ . 

A„= — Yj — = 64 4 =53o0ft.-pd8. per sec. 

The total work done is 

/C, = A', + Km = 4700 + 5360 = 10,060 ft .-pds. per sec. 

From this last is to be deducted the work 

2^= -^f^-3890 ft.-pds. per sec. 
The net work accomplished in the turbine is 



or 11.2 horse-power. 

The efficiency is 

" ""» 61.7%. 



K.+K„ 10,060 
The degree of reaction is 

A'„ 5360 



or approximately one-half degree reaction, which is about that 

used in reaction-turbine construction. The exhaust energy in 

the above turbine is so high that the steam consumption would 

be very large, and the need for more stages is obvious. Thus 

the steam consumption per horse-power per hour would be 

3600 

-j-g =321 pounds for a turbine of only one stage. 
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The many-stage reaction-turbine consists of guide and 
rotating rows of blades, as indicated in Fig. 70. There may 
be many consecutive rows, all having the same diameter, 
followed by others of greater diameter, as the required area 
for passage of the steam becomes greater and greater. 

Assuming that the diameter of the rows, or wheels, is con* 




■stant, the penpheraJ velocity of all blades will be the same. 
Let this be called u, as before. 

The diagram, Fig. 70, is constructed for constant condi- 
tions of absolute and relative velocity throughout the various 
stages, and, as stated above, all stages arealike in diameter. 
In the first guide-wheel the work done is 
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In the first moving wheel the work done by expansion of the 
Bteam ie that due to Increase of velocity from vi to V2 and equals 



In each guide-wheel after the first the work done is due to 
increase from Vs to Vi, and the kinetic energy thus produced 
and then applied to the succeeding moving blades equals 



23 ' 
and the work in each moving wheel is the same as stated 
above; that is, 



In general, if there are n sets of wheels (that is, n stages) , each 
consisting of one guide and one moving wheel, there will be 
n - 1 sets, or stages, besides the first stage. The total work 
including that of the first stage will be 

Let iC-the work in each stage except the first, so that 

^ ^— + 2g • 

The efficiency of a single stage may be found as follows: 
If tt2=ai, as in Figs. 67 and 68, then Fi = r2, and 73=»i. 

\ 2 — / efficiency=A ^-2^'-^ — yT — ' 
But from Fig. 68, by trigonometry, 

v^ - V^ + «= - 2u7, cos a. 
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2u COS a u^ 



Therefore the efficiency 



-y;[2cosa-y-J. 



The variation of efficiency for 7, =300 feet per second, 
with variation of a and w, is shown on page 228. 
The total work done in n stages is 



Since -„- is the work lost at exit from the turbine, the net 
work done, per pound of steam, =nK. 

Example No. ^. — ^Taking the velocities as given in Fig. 70, 

Vi =550 for each guide-wheel, 
Vz = 500 for each guide-wheel, 
Vi =360 for each moving wheel, 
V2=690 for each moving wheel, 

X=e»)^|S + »;=« = 6170ft.-p*,, 

work done in each stage per pound of st«ain used. This is, 
of course, for a frictionless and otherwise ideal tiu-bine. In 
such a machine, if expansion occurred from 150 pds. abs. to 
130 pds. as in the example on page 197, there would be avail- 
able 12.9 B.T.U. or, approximately, 10,000 foot-pounds of 
enei^ per pound of steam, and an ideal turbine would require 

only ' '-„ = 1.62 stages to completely utilize the energy avail- 
able. 

If expansion should occur from 150 pds. to 1.5 pds. abso- 
lute, as in the example on page 83, there would be 290 B.T.U. 
available, or 290x778 = 225,000 foot-pounds. In an ideal 
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reaction-turbine of the kind above described, the number of 
stages required to absorb this energy would be 

225,000 ^^ . ^ , 

„^„^ =00, approximately. 

Action of the Steam upon the Buckets.— The guide-blades 

act as nozzles leading to the moving-blades. Under normal 
conditions the guide-blades receive steam from the preceding 
moving-blades at an absolute velocity, or velocity with respect 
to the earth, of Vj {Fig. 68), and discharge it upon the suc- 
ceeding moving-blades at velocity Fi, larger than V^- Con- 
sidered with respect to the motion of the moving-blades, the 
velocity of the entering steam is Vi, and during its passage 
through the moving-blades the steam has its velocity relatively 
to the moving-blades increased to v-i- The total work done 
upon the row of moving-blades is that due to the following 
two causes: First, impulse, as the energy (Vi^ — Fa^) -^2^ per 
pound of steam, produced in the guide-blades, is expended 
upon the moving-blades; and, second, the reaction accom- 
panying the change in the moving-blades from vi to v^, 
and resulting in an energy expenditure upon the blades of 
{v-p-vi^)^2g per pound of steam used. The guide- and 
moving-blades are ordinarily approximately alike as to angles, 
and when this is so, half the work is due to impulse and half 
to reaction, provided that the heat-drop is the same in the 
two rows. If V2 should equal V\, as in Fig. 71, the work 
would be due entirely to reaction, and equal to {v^ — vi^} -^2g. 
If V2 should equal ^i, the total work would be due to impulse, 
and equal to {Vi'-V2'^) -i-2g, just as in the impulse- turbine. 
If V2" should equal Vi, and V2" = t^i, as shown in dotted lines, 
the blade would no longer be curved, but would have the out- 
line AB (Fig. 71) and the work done would be zero. 

Losses of Energy in the Turbine may be classified as follows: 

(a) The effect of friction between the steam and the metallic 

walls and moving parts of the turbine, which is to cause the 

exhaust from a given stage to carry away more heat-energy 
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than it would in a frictionless conducting-chanuel. The cause 
of this is described in Chapter V. A similar result is brought 




Fis. 71. 

about by the friction due to eddies in the steam. The "curve 
of frictional effect" (page ?19). is useful in representing the 
variation of this source of loss, but it is by no means certain 
that the friction loss varies according to the curve in Fig. 77. 
Examples 4 and 5 assume the loss to be constant, correspond- 
ing to a value of y = 0.26. 

(&) Resistance to movement of the rotating parts in the 
atmosphere of steam within the turbine casing, called "wind- 
a%Q." This causes a frictional loss, and its effect is probably 
greatest at the high-pressure end of the turbine, dinJnishing 
as the low-pressure end is approached. 

(c) Mechanical friction in journal-bearings, glands, and 
stuffing-boxes. 

(d) Leakage losses through clearance-spaces, glands, etc, 
(c) Radiation losses. 

The steam consumption of a turbine working between known 
limits may be calculated as follows, for assumed 'osses due to 
steam friction and friction of rotating parts, and loss due to 
leakage. The dotted line, Fig. 72, indicates the condition of the 
steam during expansion through the turbine. 
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First, assuming adiabatic expanaon, alfowing for no losses: 

Heat of liquid at 1S5 pds. aba. . . == 337.6 337.6 

Heat of vapor"!! at 165 " " ..- 855.3 855.3 X 0.98 -838.2 

31753 
Heat of liquid at 1.23 pds. abs, . .- 77.06 

Heatotvapor'nat 1.23 " " ..-1037.8 

1037.8X0.763-791.84 

868.90 868.90 

Heat given up-ff, -ffs- 306.9 B.T.U. 

Let the loss of heat in the blades, due to friction, correspond 
to i/=.26, or (l-i/)(Hi-ff2)==306.9X0.74=227 B.T.U. Sup- 
pose the energy in the exhaust is 4% of the initial energy 





E-.sxa 




/ 


1 " 

^ E=.1458 ^ 


\ t(q°al 


E-1.891 


^ 


f_ E-1.8!l 










minus loss in the blades, and the loss due to friction of the 
rotating drum and of the bearings=14%. Let the loss due 
to leakage =7%. Sum of tosses = 25%, besides the 26% heat 
loss due to steam friction. Then 75%x227=170 B.T.U. 
available from each pound of steam flowing through the tur- 
bine. Suppose 1 pd. flows per sec, or 3600 pds. per hour. 
Ft.-pds. per ■nun. = 60X170X778 = 7,935,600. Horse-power = 

7,935,600 „,„ „, .. 3600 _ . . 

— ' -=240.- Steam consumption =rt7jr = 15 pds. per d&- 

livered horse-power hour. 
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In reactioii-turbme design the assiunptionB made at the start 
are chosen from among the following items: 

1. Initial and final steam-pressures. 

2. Initial quality of steam, or degree of superheat, if any. 

3. Losses to be experienced by the steam during its passage 
through the machine. 

4. Initial velocity of steam as it leaves the guide-blades. 

5. Angle at which the guide-blades discharge to the moving 
blades. 

6. Angle at which the moving blades discharge to the 



7. Peripheral velocity of the blades in the various cylinders. 

Assumptions as to the above make it possible to deter- 
mine cross-sectional areas at different points in the turbine, 
the length and width of blades, and to estimate the heat losses. 
From these data the probable steam consumption may be 
calculated for a given rate of power developed. 

The number of revolutions per minute may be decided 
upon from considerations of the use for which the turbine is 
intended. The drop in energy in the various stages deter- 
mines the initial velocity of steam through the blades, and 
the peripheral velocity of the latter is usually from one third to 
two thirds or more of the steam velocity, the ratio for highest 
efficiency depending upon the exit angles of the blades.* 

From Fig. 73 it is obvious that the cross-.sectional area 
through a row of blades decreases as the exit angle with the 
direction of motion of the blade becomes smaller. Considering 
the two extreme limiting cases, if the steam were discharged 
from a set of blades in the direction of motion of the blades — 
that is, if a became zero— the cross-sectional area would become 
zero. If the blades discharged in an axial direction, the cross- 
sectional area, assuming infinitely thin blades, would be equal 
to the length of the blades, multiplied by the circumference 
on the mean diameter of the row of blades. That is, the area 
would equal the whole annular area swept by the blades. 
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Between these two extremes are the actual conditions, and 
the actual area for infinitely thin blades would be to the whole 
annuls- area swept by the blades as a is to 6 (Fig. 7.3). But 
a-i-b = mia, and the area for blades having a length L and 
rotating on a mean diameter D would be 

area = ;rDL sin a. 

The blades have a certain thickness to afford strength, and 
the diameter of cylinder and length of blades must be propor- 
tioned so that the required area for passage of steam may be 
obtained. If the thickness of the blades is half the mean 
clear opening between two blades, then the area correspond- 
ing to blades without thickness should be multiplied by 1.5, 
and the proper diameter of cylinder and length of blades cal- 
culated. The exit portion of the bia.les may be thin enough so 
that no allowance for thickness is necessary. 

Fig. 73 shows how the area decreases with the angle a, 
and that for a given axial space occupied by a row of blades 
the steam-channel becomes longer, as well as narrower, with 
decrease of the angle a. Prom these facts it follows that, 
while the power absorbed per stage apparently increases as a 
decreases, thus reducing the number of stages, the friction 
losses become greater as a decreases. There is thus a limit 
beyond which it does not pay to decrease the exit angles. In 
reaction-turbines the exit angle is ordinarily from 20° to 30° 
for both guide and moving blades. If the exit angle is made 
too large, each stage absorbs and debvers too little energy, 
and too many stages are required. This not oidy increases 
the size of the turbine, but also lengthens the path of the steam 
and makes the friction losses greater. 

It has been shown that the friction losses increase with 
the square of the velocity of the steam. Making the drop in 
each wheel small, by increasing the exit angles, results in 
increased number of stages, and large friction losses, due to 
the lengthened steam path. Making the drop large in each 
stage increases the velocity of steam, and the friction losses 
increase as the square of the velocity. The choice of the con- 
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ditions as outlined at the top of page 206 is to be made with 
a view to reducing friction and other losses to a minimum, 
by properly proportioning, with respect to each other, the 
peripheral velocity of the blades of the various stages, the 
angles of exit, and the drop in heat contents per stage, which 
determines the velocity of the steam. 

In mn^"ng calculations based on the preliminaiy assum- 
tions, the heat diagram ia used. Considering only that por- 
tion to the left of the curve of saturated steam, curves of 
constant heat, constant quality, and constant volume are 
drawn, and methods of interpolation may be used for finding 
the quality, volume, and heat contents of steam at any tem- 
perature and specific entropy within the limits of the dia- 
gram. 

The intervals between all quality curves are alike for any 
one temperature, and the same is true of the curves of con- 
stant heat. 

Example No. i.. — ^Let steam at 165 pds. abs. and 98% 
quality expand to a pressure of 2.5 inches of mercury, or 1.23 
pds. abs. The upper and lower temperatures, are 826.5 and 
570 degrees absolute respectively. 

(a) Assuming that expansion is not adiabatic, but that the 
steam loses 26% because of friction, find what the quahty of 
the steam will be at the lower temperature, and at 600, 650, 
700, 750, and 800 degrees absolute. See dotted expansion line, 
Rg. 72. Note also Fig. 26 and discussion in Chap. V. 

(fc) Find the heat contents, per pound of the sfeam, at each 
of the above temperatures. 

(c) Plot curves of heat drop, and of specific volume of the 
steam, for the expansion indicated, as is done on page 211. 
To find the volumes, multiply the specific volume of dry steam 
at the various temperatures by the corresponding quaUtiea. 

By plotting an expansion curve on the heat diagram using 
the qualities found in (o) the curve of " heat-given-up " may 
at once be derived. Use of the tabular form given on p. 212 
will greatly simplify and facihtate calculation. 
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The curves asked for in the above example, and plotted in 
Fig. 74, represent the c'.iaracteristics of the turbine, giving 
for each cylinder the mean values of peripheral and steam 
velocity, and mean cross-sectional areas for passage of st«am. 
These are tabulated below. In designing it is advisable to 
plot the curves as the first step, and calculate the remaining 
quantities in the table from the curves as a basis. 

Let the peripheral velocity of the turbine-blades vary as 
shown on the curve (Fig. 74), and let the relation between 
peripheral and steam velocities at entrance to the moving 
blades be as follows : 

^=0.35. 



From this and the curve of peripheral velocity the curve of Vt 
may be plotted. The curve of peripheral velocity is assumed 
so that a satisfactory length may be given the turbine-blades. 
The blades of the first cylinder should not be excessively short, 
otherwise the clearance would be too great a percentage of 
the total cross-sectional area. A high peripheral velocity 
means high initial steam velocity, which in turn means small 
cross-sectional area for passage of steam, and consequently 
short blades- A certain amount of clearance space is necessary 
for mechanical reasons, and steam is free to leak through with- 
out doing work. If the blades are very short, the clearance 
becomes a considerable percentage of the total cross-sectional 
area for passage of steam, and leakage is excessive. For this 
reason the initial peripheral and steam velocities are kept 
low and the blades made correspondingly long. 

From these considerations the curve of peripheral velocity 
begins at about 130 ft. per second in the present case and 
gradually increases to about 350 ft. per second. The cor- 
responding initial steam velocity curve begins at 360 and 
ends at about 1040 ft. per second, between the limits of tem- 
perature 826 and 570 degrees absolute. The relation between 
these two curves is Vi=u-^fi.Z5. 
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Let the turbine consist of five cylinders, the blades being of 
a single length for each cylinder. The cylinders will be arranged 
to absorb the heat drop between the temperature lines shown 
in Fig. 74, and in the following table, which contains various 
necessary quantities taken from the curves, or calculated as 
described : 



c,u^. 


^?: 


k: 




vfft. 


SUam. 


Meon 


Average 

Area of 


?■• 


2 
3 
4 
5 


56 
60 
60 
45 
35 


43 
53 
53 
46 
32 


130 
150 
200 
270 
330 


375 
420 
550 

750 
950 


4.03 

9.02 
24.80 
66.80 
164.00 


16.5 
19,0 
25.5 

34.5 
42,0 


6.5 
13.0 
27.3 
53.8 
103,0 


.50 
.875 
1.37 
2.00 
3.14 



Let the turbine be required to develop 1000 brake horse- 
power, at 1800 revolutions per minute or 30 per second. This 
fixes the mean diameter of the rows of blades of the various 
cylinders, since the peripheral velocity is determined by the 
curve. Let this be calculated and inserted in the table as 
above. The mean specific volume of the mixture of steam 
and water may be foimd from the curve at the top of Fig. 74, 
for each cyhnder. The curve is to be found, in the first place, 
from the steam-table values of specific volume of dry steam, 
by multiplying these by the quaUty of steam as determined 
from the expansion curve on the diagram. Each cylinder 
of a turbine is usually made to gradually enlarge in cross- 
sectional area as the steam expands. The present calcula- 
tions apply to the average cross-section for each cylinder. 

To find the cross-sectional areas it is necessary to cal- 
culate or to ascertain in some way the probable steam con- 
sumption of the turbine, as the volume of steam flowing per 
second is required. From the expansion curve on the heat 
diagram, the heat given up per pound of steam may be found 
by measurement. In this case it is the same as the quantity 
found on page 205, or 227 B.T.U. Let the other losses be the 
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same as found on page 205, which result in a steam consumptioD 
of 15 pounds per brake horse-power hour. 

To calculate the cross-sectional area for each cylinder let 
v = mean specific volume of the steam and water mixture at 
the cylinder under consideration. The weight flowing per 

second when developing 1000 horse-power will be-snTuT =4.2 

pounds, and the volume per second will be 4.2Xv. Taking 
the velocity as that at exit from the guide-blades, the cross- 
section&l dreas for the first and the succeeding cylinders will be: 

4 2x4 03 
Ai — ' ' =0.045 sq. ft. = 6.5 sq, ins. 

4,.t?2|2?_„.090" "-I3.0" " 
, 4.2X24.8 „.„„ ,, ,, „, „ ,, „ 



550 

4. 2x66. 

750 



'Is-^^W^-O™ " "-103.0" " 
950 

These are inserted in the table above. 

To find the length of blades in the present problem assume 
that the exit angle for al! the stages is 22 degrees. 

As shown on page 208, if L is the length of blade, and D 
the mean diameter of section of the annular space occupied 
by blades, the net area for passage of steam would be, for 
infinitely thin blades, 

A = TzDL sin a, or L = ■■ ^ ■ . 

' TzD sin a 

If the blades, due to their thickness, occupy one third of the 

cross-sectional space, the necessary area becomes 1.5^1, or, sinco 

sin 22° =0.374,* 

1.5A 1.28A 

SJiDx0.374~ D ■ 

• In the desigQ of ParBons' turbines such an allowance for blade thickness 
ia not ordinarily required, aa the blades are quite thin at the exit-edges. 
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Calculating the mean length of blade, the following values 
are obtained: 





16.5 "■"" 


u 


1.23X13 


- 19 -0.875 


u 


1.28X27.3 , „ 
25.5 -'■^' 


u 


1.28X53.8 
34.5 ^■'" 


is 


1.28X103 ,„ 
- 42 -3" 



These have been inserted ia the table on pt^ 212. 

It now remains to determine the number of stages that are 
necessary in each cylinder to absorb the energy given up 
during the fall in temperature assumed at the beginning of 
the problem. 

From Fig. 75, Plate XIII, it is evident that if «i =«2, 7ia 
and V2a will be equal to each other. Also, Via will equal V^a- 

The energy given up per stage in any cylinder is equal to 
the sum of the amounts given up in a row of guide-blades and 
a row of moving blades and equals, for each stage of the first, 
cylinder in the present example. 



^ 29 


-r>,.' 


But Yu'~v^.', 




and ViS-vu'. 




Therefore ir^^"''"!-"-^'-^'''-! 


-T,.») 



This s'mply means that, under the stated conditions (equal 
exit angles), the energy given up in a rotating wheel equals 
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that given up in the guide-wheel before it. It is necessary 
to construct the velocity diagram for only one of the wheels 
or rows of blailes in a cylinder, since that for the others would 
be exactly similar. 

In Plate XIII the single line making the angle a =22' with 
the direction of motion of the blades may be used to represent 
in direction all the initial velocities, and combining them with 
their respective peripheral velocities ^ves the relative veloci- 
ties necessary for finding the value of K in the above equa- 
tion. The values of Vi and V2 tabulated on page 212 were 
taken from the velocity diagram on Plate XIII. The work 
done in each stage of each cylinder, and the number of stages 
required to absorb the energy given up in each cylinder, may 
be calculated as follows: Taking the first cylinder, each stage 
absorbs the work 



or 2.91 B.T.U. 



Since there are 42 B.T.U. to be absorbed durng the passage 
of the steam through this cylinder, the number of stages re- 
quired will be 

42 

^ = 14.5, — say 15 stages. 

Similar calculations give the following number of stages for 
each cylinder. 

No. ot Stage. Stages. 

1 15 

2 14 

3 8 

4 4 

5 2 
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These figures, as they stand, would not be satisfactory for use 
in determining the final dimensions of a turbine. The angles 
of the blades would be varied more or less from one cylinder 
of blades to another, to suit various requirements, and the 
cyhnders would usually not be so numerous as here indicated. 
For a turbine of the size given, three cylinders might be used, 
leaving the first two about as the figures indicate, but rear- 
ranging the last three cylinders so as to combine them into 
one, consisting of blades increasing in size as they approach 
the exhaust end. By a series of calculations similar to those 
above, the required variations may be determined- 

The pressure drops in the above example are, approximately: 

1st cylinder 165 pds. abs. to 76 pds. abs. 

2d " 76 " " " 29 " " 

3d " 29 " " " 9 " " 

4th " 9 " " " 3.2 " " 

5th " 3.2 " " " 1.2 " " 

This large number of cylinders was adopted in order to give 
practice in maidiig the calculations, but a better arrangement 
from both thermal and mechanical considerations, would 
result from the following conditions: 

Example No. 5. — Proportion an impulse-and-reaction turbine 
according to the curves given in Fig. 74 with the following 
pressure drops: 

Cylinder No. Pressure Drop. 

1 165 pds. abs. to 50 pds. abs. 

2 50 " " " 16 " " 

3 16 " " " 1.2 " " 

The following table gives the particulars taken from the 
curves on page 211. In everything except pressure drop the 
particulars of the design are the same as for the turbine of five 
cylinders, worked out above. From the curves, page 211, 
and the temperature drop corresponding to the fall in pres- 
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sure, the quantities are calculated as was done in the previous 
example. 





5- 


Tern- 


IS 


Mean Velocities. | 




Mew 

Clear 




bL""! 


z 


» 


«r 


8t»|»S 


8t.»» 


2 
3 


115. 
34 
14.8 


84 
65 
107 


68 
59 

100 


138 
170 
265 


3$5 
435 

775 


260 
325 
535 


6 
18 
100 


17.5 
20.5 
34.0 


9.4 

22.7 
78.0 


0.69 

1.42 
2.94 


21 
IS 



Each of the sections of the turbine (three in this case) is 
properly called a cylinder, and each cylinder contains blades 
of various lengths, increasing as the pressure becomes lower, 
thus affording increasing area for the passage of steam. Each 
cylinder may contain several rows of blades of given length 
and contour, and then several rows of another 1enf!;th and 
contour. Each of these sets of rows is called a barrel, and a 
cylinder may contain many barrels. The figures in the table 
refer to the mean dimensions of the respective cylinders, hence 
the blades at the high-pressure end of the cyUnder will be 
shorter and those at the low-pressure end longer than given 
in the table. 

The diameter of the spindle, or rotating part of the tur- 
bine, depends primarily upon the peripheral velocity of blades 
and the rate of revolution; the former depends upon the initial 
steam velocity employed. With given diameters for the 
various cylinders, and with certain thickness, spacing, and 
exit angles of blades, the length of blades depends upon the 
necessary cross-sectional area for the passage of steam through 
the various cylinders. 

The Parsons type of turbine for stationary use has ordinarily 
three cyUnders, and the mean diameters of the rows of blades 
in the various cyUnders are made in about the following pro- 
portion; 

d = mean diameter of smallest cylinder; 
1.4 to l.5d = " " " middle " 

2 to 2.7,5d= " " " large " 
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Calling one stationary and one moving row of blades, taken 

together, a stage, there arc ordinarily from 40 to 80 or more 
stages in turbines of fairly large size; that is, from 300 K. W. 
upward. 

Since turbines are used in connection with very low exhaust- 
pressures, the volume of steam passing the low-pressure blades 
per second becomes very great, and the diameter and blade 
dimensions for that end of the machine should be considered 
first. The dimensions of the smaller parts may then be pro- 
portioned accordingly. 

Variation of Friction Loss. — The experimental work discussed 
in Chapter VI indicates that the friction losses in an expanding 
nozzle increase as the pressure decreases, and that the increase 
of the value of y is very rapid at very low pressures. Experi- 
ments with turbines show that much more energy is lost if 
the steam used is moist than is lost when dry or when super- 
heated steam is used. During expansion the steam gives up 
heat, as work, and a considerable amount of water of con- 
densation is formed. The presence of water in the steam is 
thought to be responsible for what cutting of the blades occurs, 
and this indicates that the water causes resistance to passage 
of the steam. 

From these indications it has sometimes been considered 
thit the friction loss, as represented by y, is greater in 
extent towads the low-pressure end of the machine than it 
is at ea ly points of the steam-path, and the "Curve of 
frictional effect" shown in Fig, 77 has been drawn wilh 
this point in mind. It shows the value of y to he used 
at each of the temperatures dealt with in desigmng the 
turbine.* As the use of superheated steam reduces the 
losses in the turbine, it seems that a low vacuum is more 
effective, economically, with superheated than with moist 



to as.>ume that the friction loss actually varies in thia 
In fact, recent experiments with turbines indicate that 
^ast and the efficiency greatest at the low-pressure end. 
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Steam, although it undoubtedly is one of the chief conaidera^ 
tions in both cases. 

The following problem involves some considerations not 
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taken up in the foregoing examples, and the results correspond 

more nearly with the proportions adopted in practice. The 

curves and diagrams in Figs. 77 and 78 apply to this example. 

Example No. G. — Let a turbine be required to develop 
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1000 horse-power at full load, and be capable of using suffi- 
cient steam to produce 1500 horse-power, without the use 
of by-pass valves. 

Let the initial pressure, at the throttle-valve, be 160 poimds 
absolute per square inch, and let the condenser maintain a 
vacuum of 29 inches of mercury. The upper and lower tem- 
peratures will then be 824° and 640° absolute respectively. 
The steam entering the turbine will be supposed to be dry 
and saturated. 

Let the loss of energy due to friction of bearings, to exhaust 
velocity, and to windage be 18 per cent of the enei^ given up 
by the steam. The total heat given up by the steam, accord- 
ing to the curve in Fig. 77 is 245 B.T.U. per pound, and of 
this 82% is to be useful in developng energy of rotation. The 
steam consumption of the turbine will then be 

1 980000 
0S2y24''>x778 ^ ^^'^ pounds per delivered horse-power hour. 

When called upon for 50% overload the turbine will use 
more steam than this by, say, 16%, or the steam-channels 
must be so designed that they will accommodate 14.8 pounds 
per horse-power hour, when the machine is delivering 1500 
horse-power. The steam used will then be 

1500X14.8 = 22,200 pounds per hour, 
or 6.16 pounds per second. 

Let the pressure, temperature, and heat drop in the three 
cylinders be as follows: 



P™«u™Ab«lute. 




Heat Drop. 


1. 160 to 45 pds. sq. in. . 

2. 45 to 10 ins. mereuiy . 

3. 10 ins. to 29 ins 


824-735= 89° 
735-653- 82" 
653-540-113= 


86 B.T.U. 

80 " 
79 " 



Let the angles of exit of the moving blades equal those 
of the stationary blades, and have the values given below, 
for the various stages. These angles are varied to some extent 
from one set of blades to another, and in general are capable 
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of being " gaged " or set as may be found necessary for obtain- 
ing proper axial tlirust conditions. 



30" 



The velocity diagrams for the three stages may now be 
drawn, as in Fig. 78, and the work done in each row of 
stationary and moving blades may be determined. Thus, 

oAiw _ 1 fins 
In first cylinder, work per row = — ^-^ = 895 foot-pounds, 

equivalent to 1.15 B.T.U. 

Since there are 86 B.T.U. given up in this cylinder, and 
since the work in the moving rows is the same as that in the 

stationary rows, there will be ^^ =36 moving and 36 stationary 

rows of blades in the first cylinder. In similar manner the 
number of blades in the second and third cylinders may be 
found with the following result: 

Moving blades — H.P. end of spindle 36 

" " Middle cylinder on spindle.. . 18 
" " L.P. end of spindle 14 



Total . 



There will of course be an equal number of rows on the sta- 
tionary casing of the machine. 

Diameter of Cylinders.— Assuming the speed of revolution 
of the turbine as 2000 per minute, the mean diameters of the 
rows of blades in the various cylinders are fixed by the assumed 
mean peripheral ve'ocity of blades. 

Cyl. No. Mean Diameter. 

1 1.335 feet or 16 inches. 

2 1.91 " " 23 " 

3 2.39 " " 28.7 " 
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Length of Blades. — In each cylinder there are usually 
several barrels, each containing blades of a given length, but 
the blades of each barrel, advancing from the high-pressure 
end of the machine towards the contlenser, aie longer than 
those of the preceding barrel. In the first cylinder tlieie may 
be three different lengths of blatle, in the second four, and 
in the third five or six. The variation in length is for the 
purpose of increasing the cross-sectional area for the passage 
of steam as the latter expands in volume. The proper area 
for any section of the turbine may be calculated by finding 
the volume of the steam at that section from the curve of 
volumes, as plotted in Fig. 77, 

The mean specific volumes of the mixture of steam and 
water while passing cylinders Nos. 1, 2, and 3, respectively, 
are, approximately, 4, 16, and 150 cu, ft. The weight of 
steam passing per second is 6.16 pounds, and the exit veloci- 
ties are 300, 430, and 575 feet per second for the three cylin- 
ders respectively. Therefore the mean areas should be: 

1st cylinder, '. J^ =0.082 sq. ft. = ll.S sq. ins. 



3d " '-^^' = l.m " " =231.0 ■' " 
575 

Omitting the at^sumption as to blade thickness made in the 
previous problem, the mean blade lengths for the three cylin- 
ders are 

ll.S 



^^-3.l"4Xl^3XsinL(i..5°-'"^"' 



Dig,, z.d by Google 



224 



STEAM-TURBINES. 



The tbickness of the blades, and the spacing employed, may 
be such that the blades occupy one-half or even two-thirds of 
the annular space between casing an(i spindle, and the factor 
allowing for this must be seltct^d accordingly. 



QUANTITIIB USEE 




N CHARACTERISTIC CURVEa 


IN 


FIG. 77. 


1 


i 


3 


4 


5 


6 


7 


8 


T, 


(E,-«i) 


E, 


"v 


,. 


«■ 


..- 


x.-x-^x" 




1,47 


1.96 


1058 


47 


0.750 


0,0995 




575 


1.41 


1.80 


1034 


82 


0,783 


0,064 


0,847 


600 


1,36 


1.70 


1017 


107 


800 


0.049 


0,840 




1.28 


1.61 


982 


158 


0.848 


0,030 




700 


1,31 


1.35 


946 


208 


0,805 


0.016 


0,911 


750 


1.14 


1.21 


911 


259 


0.942 


0.007 


0.940 




1,07 






311 


0,982 


0,003 






1,04 


1.04 


857 


335 


1.00 














Q 


iO 


11 


12 


13 


v-Xj(sp.vol.atr2) 


. 


H,-ii-H, + 1i 


Hy-H, 


H 


-(H,-ff,Hl-ri 


658 


0.30 




841 




351 




245 


203 


0.22 




892 




300 




234 


107 


0.185 




931 




271 




221 












201 






16 


0.120 




1065 




137 




1:21 


7.0 


0.100 




1118 




74 




66 








1160 












0.075 




1192 














//e — heat of vaporiaation at Tj; 
5, -heat ofliquid at T,; 
x' = quality after adiabatic expan- 

Biontor,, ^'; 

of cmality dueto fric- 



r after actual expant 



y = energy losa; 

ffi— total heat in steam, per pd., 

at 7*1, as it enters turbine; 

/fa^total heat in steam, per pd., 

after adiabatic expansion to 

/f— beat given up during actual ex- 
pansion to 7"). 
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Cconparisoo of EfficRncies of Single-stage Impulse- and 
Sngle-stage Reaction-turbines. — The expressions for the hy- 
drauhc efficiency of the two types have been developed in 
preceding chapters and are as follows, for impulse- and for 
reaction-turbines respectively: 

Impulse-turbine, Efficiency -p^ | cos a—^\; 



Reaction-turbine, Efficiency-^ 



\ 2 cos a —TT r • 

I y^ J 



These equations are plotted on Plates XIV and XV, and 

the variation of maximum efficiency with jj- and with the 

angle at which the steam leaves the nozzles or the guide-blades 
is shown on Plate XVI, 

Expressed numerically, the curves on Plate XIV show the 

following values of the ratio y- for the conditions stated : 



Impulse-turbine 



Reaction-turbine 



Y for Majc. Efficiency. 


a -10° 


49 


2ff' 


48 


30» 


44 


40° 


38 


0-10° 


97 


20° 


93 


30° 


87 


40° 


80 



The steam velocities used in the impulse-turbine are much 
higher than in the reaction-turbine, but the ratios of peripheral 
to steam velocity, for maximum efficiency, are lower. In the 
compound impulse-turbine the work done in each stage is 
greater than that done in the reaction-turbine per stage, and 
there are therefore fewer stages in the impulse-turbine. 
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Id the impuise-turbme tlie efficiency is zero when cos o = 1 
and u = V; that is, when the jet follows directly behind the 
buckets, with the same velocity as the'buckets. 

Plate XVII shows the variation of efficiency for the com- 
pound impulse-tui U.ie, with a and w, for varying number of 
stages. 

In the reaction-turbine the efficiency is zero when cos a = I, 
and u^2V. 

"While the reaction-turbine requires a greater value of the 

ratio yT for maximum efficiency than does the impulse-turbine, 

its greater number of stages causes the steam velocity produced 
per stage to be much lower. This permits the attainment of 
satisfactory efficiency at comparatively low peripheral veloci- 
ties. The following particulars applying to Parsons turbines 
are from a paper by Mr. E. M. Speakman.* 
Electrical Work. 





Peripheral Va« Speed. 


^T^l°' 




Normal Output of Turbine. 


First Enpan- 


Last Expan- 






135 

138 

125 
125 
125 
125 
120 
100 
100 


330 

280 
300 
360 
250 
260 
285 
210 
200 


70 

75 
84 
72 
80 
77 
60 
72 

« 




3500 K.W 












1000 K.W 


1800 



















Marine Wohk. 





Peripheral 


'Hne Speed. 


Mean 




Type ot Veaael. 


H.P. 


L.P. 


Shrfn. 


High-speed mail steamera 


70- 80 
80-00 
90-105 
85-100 
105-120 
110-130 


U0-i30 
110-135 

120-150 
H 5-1 35 
130-160 
160-210 


0.45-0.5 
0.47-0.5 
0.37-0.47 
0.48-0.5:^ 
0.47-0.5 
0.47-051 


4 






Battle-ships and lanre cniisers . 


4 











s and Shipbuilders of Scolland, 1905-0. 
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Heat Analysis of Steam Turbines. 

In as much as the calculations by means of which the steam 
passages are proportioned presuppose some law of expansion of 
the steam in the turbine, it is very de^rable that such tests 
of completed turbines should be carried out as would show to 
what extent the performance actually attained agrees with that 
assume;! as the basis of calculation by the designer. 

An analysis of a turbine, based upon heat expenditure, 
shoulil show T\ hat percentage of the available heat in the steam 
if? given up in each section of the turbine. This would involve 
measurement of average temperatures and pressures where 
superheat exists, and average pressures and qualities where the 
steam is not superheated. The condition of the steam within 
a turbine in operation is far from uniform over any given cros?- 
sectiou of the steam path, and it is therefore necessary to take 
temperatures and qualities at many different deptlis in any 
steam passage, in order to obtain average results as to the heat 
eoiitentis of the steam. 

The infonnation required for an analysis includes: 

(a) Horse-power delivered from the turbine shaft. 

(b) Steam used per unit of time. 

(c) Average pressures, temperaltures and qualities at certain 
points along the turbine, including the last section. 

(d) The weight of steam collected as lirainage-water, if 
any, from the various parts of the turbine. 

Assuming that determinations of quality at the various nozzle 
bowls of impulse turbines, and l)etween the sections of Parsons 
turbines can be satisfactorily made, the amount of heat given 
up by the steam in each stage, or section, may be determined. 
The amount of water drained off from each stage should be 
measured, especially in the case of impulse turbines, and the 
heat so carried away be allowed for. A curve of expansion of 
the steam may then be drawn on a heat diagram (see chart on 
lack cover of book), fram which the steam consumption may 
be computed for a turbine supposed to have no radiation and 
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bearing friction losses. By comparisons of this steam con- 
sumption with that actually determined, per B.H.P,, by test, 
the factor may bo found by means of which actual steam 
consumption may be predicted from the curve of heat given 
up, as drawn on the heat-diagram. 

Suppose that the curve on the temperature-entropy chart 
shows that each pound of steam gives up 185 B.T.U. during its 
passage through the turbine. Then the water-rate, not consid- 




FiG. m. 



ering the external losses of radiation and mechanical friction 

would be 

1,980,000 ,, , „^ , 

7 7 8X185 ^ pounds per H.P.-hour. 

Suppose the wat«r-rate is found from the test to be 16 
pounds per brake horse-power-hour. This means a useful ex- 
penditure of 

1 980 000 

-^=Q-^rr^=159 B.T.ll. per pound of steam. 

Therefore the mechanical-friction and radiation losses use 
up 185—159=26 B.T.T. for each pound of steam passing 
through the turbine. 

Results to be expected from a given design may be predicted 
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by means of expansion curves obtained from testa of similar 
turbines as follows: 

The initial pressure and superheat or quality to be used 
having been determined, and the vacuum being assumed, the 
final condition of the steam may be calculated, corresponding 
to a given water-rate. 

Thus, if the water-rate is to be 14 pounds per B.H.P. hour, 
the heat usefully employed per pound of steam will be 

1.980,000 is^RTTT 

Besides this expenditure of heat, the surrounding air has been 
heated by radiation from the turbine, and also the surrounding 
air and the oil and water used in the bearings have been heated 
by the heat appearing as bearing friction. Also, the water drained 
from the turbine has carried away some heat. These quantities 
of heat have not been returned to the steam as is the case with 
the heat of friction between the steam itself and the passageways 
in the turbine. The quality in the exhaust pipe will, therefore, 
represent a smaller final heat contents than that obtMued by 
subtracting 182 B.T.L'. from the total heat in the entering steam. 

Let ffi =heat in entering steam per pound, 
HiF = heat appearing as B.H.P. per pound. 
Hl = heat appearing as the losses mentioned above. 
Ha =heat in exhaust steam per pound. 
Then H3=m-{Hw+HL) 

Since Hs, ffi and Hw are all known or capable of deter- 
mination, the amount ot the losses, Hl, may be found. 

Thus, if ffi = 1250 B.T.U. per pound, 

Hw=182 B.T.U. per pound, 

Ha =1050 B.T.U. as found by calorimeter deter- 
minations. 
Then, Hl =Hi-H2-Hh'=1250- 1050-182=18 B.T.U. 
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By means of the values of Hi, as found from analyzing turbine 
teste in the above manner, the conditions of expansion in a 
proposed similar design may be predicted and the proportions of 
the nozzles, steam passages, etc., for a given energy distribution 
may be calculated. 

Example. — Suppose a turbine receives steam at 175 pounds 
abs. and 160 deg. F. superheat, and that the vacuum is 28" 
mercury. 

From the heat diagram the initial heat contents 1298 B.T.U- 
Suppose calorimeter determinations show the average quality 
m the exhaust from the last set of buckets or blades to be .91. 
The heat contents of the exhaust as found from the heat diagram 
will be H2' = 1020 B.T.U., approximately. Let the water rate 
be found by test to be 11.5 pounds per brake horse-power-hour. 

If there were no losses due to mechanical friction, radiation, 
leakage, etc., the water rate would be 

1,980,000 2545 2545 „ ^, 

778X(//,-//.) =1298^:1^= 278 -Q-^^ P°""<^^ P^^'^""'"' 

Due to the losses, Hl, the water rate is raised to 11.5 pounds, or 
2545 



278-Hl ^^"'* 

Therefore, the external losses amount to 

Ht = 27S-J^5 =57 B.T.U. 

If the steam had expanded adiabatically the final heat contents 
H2, would have been (from the heat diagram) 930 B.T.U. per 
pound, and the steam consumption 

1298^930 -''■^' P™"'''- 

6.91 
The efficiency of the turbine is therefore y^ = .60. 
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A steam calorimeter has recently been brought out by the 
author, by means of which the quality may be determined of any 
steam which can be caused to pass through the instrument. 
The instrument is applicable in the case of the lowest as well as 
the highest pressures used in practice, and the degree of wet- 
ness of the steam may have any value whatever without affect- 
ing the accuracy of the determinations. The problem, how- 
ever, of obtaining representative samples of steam presents 
the most serious obstacles at present in the way of thermal 
analysis of steam turbines. 

Amount of Superheat to be Used in Turbines. — It is dcairable 
that the degree of superheat be as high, but not higher, than that 
which will prevent moisture from being produced before the steam 
has passed through the last stage. This is because of the follow- 
ing: 

(a) Moisture in the steam is supposed to cause losses due to 
friction between steam and buckets, and to increase rotation 
losses. 

(&) If the degree of superheat is great enough so the exhaust 



is superheated, the superheat carried away by the exhaust is 
lost. 

(c) The maintenance of superheaters and of the machinery 
in general is more expensive the higher the superheat. 

If the expansion curve, as determined from the temper- 
atures and qualities in the various stag^ of actually testea 
turbines ends at A, Fig. 81, it is evident that the degree of 
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superheat is too low and that some of the stages are working 
in wet steam with the consequent losses. 

If the expansion curve ends at B, there is superheat In the 
exhaust, and resulting loss of efficiency caused by too high 
initial superheat. 

A curve C, representing the correct condition of the exhaust, 
may be drawn on the diagram, similar in character to the curve 
of expansion already determined, and indicating approximately 
the degree of superheat which will be necessary in order that 
the exhaust may be just dry and saturated. 

Description of the Calorimeter. — Figures 82 and 83 show 
the exterior and the general interior arrangement of a steam 
calorimeter with which the quality of any steam passing through 
the calorimeter can be determined with accuracy in a very simple 
manner. The instrument is especially designed for determining 
the quality of steam at different points along steam turbines, 
and it can be used with steam of any degree of wetness and of 
any temperature and pressure above that- in the condenser. 
The sampling-tube leading to the calorimeter, and shown in Fig. 
86, may be extended into any steam passage from one part of 
the turbine to another, and the average quality may thus be 
investigated by taking successive samples from different depths. 
From this information, combined with the results of ordinary 
tests, a curve may be drawn on a heat diagram, showing the 
distribution of the work done by the steam in the turbine, and 
indicating the efficiency of the various sets of blades or buckets. 
Such a curve may also be used to indicate the degree of initial 
superheat that should be used in the entering steam in order 
that the steam at any set of blades may be in a given desired 
condition as to heat contents. 

The difficulty of obtaining a representative sample of steam, 
especially under the complex conditions existing in steam tur- 
bines, is fully recognized, and the sampling-tube shown iii Figs. 
85 and 86 has been designed to assist in obtwning definite results. 
With this tube it is at least possible to obtain samples from given 
. definitely known depths or positions in a steam passage. 
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HEAT ANALYSIS. 237 

The development of the instrument resulted from experiments 
in passing steam from an electrically heated calorimeter through 
a transparent glass tube. If the electrical energy supplied to 
the steam in passing through the calorimeter was insufficient to 
dry the steam, water could be seen in the interior of the glass 
tube ; also no rise of temperature was shown on a thermometer 
placed in the tube. By adding sufficient electrical energy to 
the steam, the interior of the tube cleared up because of the 
disappearance of the water, and the temperature began to rise 
at the same instant that the steam gave this evidence of being 
completely dry. It was therefore possible to measure directly 
the amount of heat required to dry the sample of steam, and 
from the known heat of vaporization of dry steam, and the 
known weight of steam passing through the calorimeter, the 
quality could be readily found. The method of ascertaining the 
weight of steam passing per unit of time is described in the 
following paragraph. 

In operation the calorimeter is attached to the samphng-tube, 
or to the source of steam directly, by means of the screw-thread 
A. Steam is thus admitted to the instrument, from which it 
passes to the condenser or to the atmosphere, through a pipe 
from the discharge valve, placed at C. Having adjusted the 
discharge valve so it is passing a suitable quantity of steam, 
enough energy is turned in to heat the steam to dryness. The 
condition of dryness is indicated by an immediate rise of tem- 
perature as shown by the thermometer, if more than the 
requisite amount of electrical energy is supplied. For con- 
venience let the watts necessary to dry the steam be called Ei. 
After noting this number of watts the steam is further heated by 
additional watts E2, till a temperature T degrees above sat- 
uration is obtained, say 20, 30, 100, or some other convement 
number of degrees superheat. This operation is for the purpose 
of ascertaining the weight of dry steam per hour, Wi, which was 
passing when the steam was just dry. The weight W2, passed 
through the valve after superheating, will be less than the dry 
steam passed through, by some percentage represented by a 
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constant, C, because of the increase in volume accompanyii^ 
superheating. This haa been determined by test with the in- 
struments. Also, the watts S, necessary to superheat a pound of 
steam to T degrees, at different pressures, have been determined. 
The latter, S, may be used instead of the specific heat of steam 
and has the advantage of allowing automatically for radiation 
losses. The quality of the steam may be obtained either by use 
of the curves supplied with the calorimeter, or by the use of the 
specific heat of steam for varying pressures. The use of the 
curves, however, eliminates entirely possible errors due to un- 
certainty as to the value of the specific heat. 

Let Wi = weight of dry steam passing per hour. 

Then Ei watts evaporates the moisture in Wi pounds 

per hour and this energy is equivalent to -^-r^ — thermal 

units per pound of steam. Let this amount of heat be repre- 
sented by //j. Let W^ = weight of superheated steam passing per 
hour=Ciri. Then E2 watts raises the temperature of CWx 
pounds of steam through T degrees, or E2=CWiS watts, 
where S represents the watts required to superheat one pound of 
steam per hour through T degrees, at the pressure ia the calori- 
meter. 

Then, ^^^ck' 

and this value of Wi may be substituted in the equation, 
„ 3.412gi 



Thus, 



£2 



Since C and S are constants for any given pressure and degree 
of superheat, 3,412 CS may be written as a constant, K, and 
values of this constant are given for varying pressures and de- 
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grees of superheat, by a set of curves plotted from experiment- 
ally obtwned data. See Fig. 82. 
The equation then becomes 

If H represents the heat of vaporization of dry steam (from 
steam tables) at the pressure indicated by the original temperature 
in the calorimeter, the quality of the steam passing through the 
calorimeter is 

It is to be noted that the constant K is independent of the 
weight of steam flowing through the calorimeter during super- 
heating, although consideration of this weight has been included 
in the explanation just ^ven. The same result may be found 
without the use of either C or S. The independence of K upon 
these quantities may be shown as follows: 

As defined above, 

C = ^^, and S = ^. 

It is therefore possible to find the expression for K without 

using C or S. Thus, if the steam flowing through the calori- 
meter is first dried, by the introduction of E, watts, then super- 
heated through T degrees by a further introduction of E^ watts, 
it follows that for each pound of the original weight Wi of dry 

E2 
steam, it has taken r^- watts to superheat the steam coming 

from Wi pounds of dry steam, through the given temperature 
range T. Hence, for the pressure and temperature in question, 

^^ is a constant, which may be called k, and Wi=-y. 
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Substituting this value ot Wi in the equation ffa— -^ — -, 
„ ZA12Eik 

^^ — bT"- 

Let 3.412A be caUed K. 
Then 

Slimming up the operations involved in determiiung the 
quality of steam, they are as follows: 

1. The calorimeter is attached to the source of steam and a 
flow of steam takes place through the electrical heating coils, 
and out through the discharge valve at C, Kg 83. Electrical 
connections are made with an ordinary D. C. circuit at perhaps 
125 volts, capable of carrying 10 amperes. The calorimeter is 
put in series with the water rheostat, and means are provided 
for measuring the input of electrical energy. 

2. Electrical energy is supphed sufficient not only to dry the 
steam, but to superheat it to some convenient temperature. 
The watts introduced are called Et- Now turn out energy until 
superheating no longer takes place, and the steam is therefore 
just dry. The energy now being introduced is only that neces- 
sary to dry the steam, and is called £,. The condition of dry- 
ness is indicated as before described. Thenar— £1=^2 watts 
required to superheat through T deg. 

3. From the curves select the value of the coefficient K corres- 
ponding to the degree to which the steam was superheated, and 
to the original temperature in the calorimeter, and find the heat, 

* The constant 3.412 is the number of B.T.U. eqinvalent to 1 watt-hour. 
Its development may be Bhown as followe: 

1 horse-power hour is equivalent to 33000x60 or 1,980,000 foot-pounds. 
1 B.T.U. is equivalent to 778 foot-pounds. 

Therefore, 1 horse-power hour is equivalent to '" ' 2545 B.T.U, 

But 1 horse-power hour is also equivalent to 746 watts. 

Therefore, 1 watt-hour is equivalent to >-7^=3.412 B.T.U. 
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Hx, which has been added to each pound of steam in order to dry 
it, from the equation Hx=K-^. 

4. Find the quality of steam from the second set of curves, 
Fig. 83, representii^ the equation x=— —j — -. The quality 

may of course be found directly from the equation if desired. 

The question may be asked, why not call the watts required 
to dry and superheat the steam E\ + E-2, instead of Et- It will 
be seen upon reflection that when drying and superheating are 
taking place together, Ei, as prevoiusly defined, is not being 
introduced to dry the steam, because the steam passing tlirough 
the orifice or valve at outlet from the calorimeter is less during 
superheating than during drying of the steam, and therefore 
the heat necessary to dry the steam passing through the calori- 
meter is less then E\. As soon as E2 has been turned out, and 
the steam is just dry, Ei is again being introduced, but Ei and 
Ez, as defined, are not simultaneously introduced. 

Example No. 1. — Let wet steam be passing through the cal- 
orimeter at a temperature of 366 deg, F., as shown by the ther- 
mometer in the tube B. This corresponds to a pressure of 165 
pounds per square in. abs. Let 650 watts {=Et) be introduced, 
and let the resulting temperature be 460 deg. The steam has 
then been not only dried, but superheated through a range of 
94 deg. ( = T). Let the energy be now reduced until the steam 
is just dry, and let the watts then being introduced be 260 

i:j = £'r- £, = 6.50-260=390. 

From the curves the value of K corrcspondii^ to this pressure 
and to 2" =94 deg., is X = 59.0. 

Therefore, ^^= f^J >< 5^0= 39-4, 

and from the curves of quality, x=95.4 per cent. 

Example No. 2. — Let the pressure as indicated by the tem- 
perature of 153 deg. in the calorimeter be 4 pounds abs. 
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Let ^r=480 watts, and let the resulting temperature=240 
deg., correspomiing to a range of 87 (leg. superheat. 

Let ^1 be founc' to equal 300 watts. Then £'2=480-360= 
120. 

From the curves, 7C = 43..% 

W^ = p?X43.5 = 116. 

From the curves of (juality, 

a:=88.7 per cent. 

The calorimet3r is supplied with a water rheostat box which 
serves to control the amount of electrical energy introduced, 
and also for carrying the calorimeter and accessories. The 
complete outfit is shown in Fig. 84 together with a separate cover 



Fig. 84. 
for showing how the rheostat is operated. When the box is 
in use as a water rheostat the cover holds a nut in which a screw, 
/>, works for raising or lowering the cone E, and thus varying the 
energy passing the rheostat. The lower terminal connection is 
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shown at F, on the box, and the upper is at G, in the swivel nut 
on top of the operating screw. The box is about 13 inches high, 
and the outfit complete weighs about 43 pounds. When the 
calorimeter is in the box it is attached to the iron plate fomung 
the lower terminal of the rheostat on the bottom of the box, by 
means of the screw thread A, and the top of the calorimeter 
projects through the top of the box one-half inch. The brass 
handle is tapped out and screws on the top of the calorimeter 
for convenience in carrying the outfit. 

The cover shown at the right of Fig. 84 belongs to another 
rheostat, not to the complete outfit shown at the left of the fig- 
ure. The box to the left shows the calorimeter outfit ready for 
transportation. The terminal shown on the outside of the box 
can be unscrewed and carried with the other accessories inside 
the box. 

The glass outlet from the calorimeter is not a necessary part 
of the instrument, since the condition of dryness is indicated 
by the rise of the mercury in the thermometer, but it is useful 
as giving an optical demonstration that the steam has heen com- 
pletely dried, and also in affording an excellent means for study- 
ing the behavior of wet and of superheated steam. 

The sampling-tube shown in Figs. 85 and 86 permits of 
taking consecutive samples of steam from different depths in 
any steam passage. There are two tubes, of which the outer is 
stationary, and the inner can be rotated by means of the hand- 
wheel and bevel-gear connections, The outer tube is slotted 
over its entire length, while the inner tube contains short slots 
which open consecutively into the long slot in the outer tube. 
It is thus possible to take samples from the different portions of 
a steam passage without disconnecting the calorimeter, and to 
know positively from what part the sample is being drawn. 
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CHAPTER IX. 

TYPES OF TURBINE AND THEIR OPERATION. 

Detailed descriptions of the steam-turbines in use at the 
present time are available in catalogues, and in technical books 
Bjxd papers, so that in the following discussion only the dig- 



FiG. 87. — Simple impulse-wheel, De Laval typo. 

tinctive features of certain representative types will be dealt 
with. 

The turbines that have been developed commercially in 
this country are of three types: (a) the De Laval; (b) the 
Parsons; (c) the Curtis. 

The De Laval Turbine is shown in Figs. 87 to 91. It is a 
simple impulse-turbine, consisting essentially of a single wheel 
or disk, upon the rim of which are mounted buckets, or blades, 
which receive impulse from a set of expanding nozzles deUvering 
steam at high velocity. The buckets are placed radially around 
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■ TYPES OF TURBINE AND THEIR OPERATION. 247 

the circumference of the wheel, and the nozzles are distributed 
about the circumference as shown in Fig. 87. 



FiQ. SU — De La\'al turbine rotor. 

The essential parts of this turbine are : 

(a) The nozzles, in which the steam expands to the con- 
denser pressure, and attains the maximum possible velocity 
under the conditions of operation. 

(b) The blades, or buckets, which change the direction of 



Fia. 'M — De Laval aozzle and valve. 

the flow of steam, and thereby transform the energy of the 
jet into useful work in turning the shaft upon which the wheel 
is mounted. 

A distinguishing feature of this type of turbine is the high 
speed of rotation of the wheel. This is made necessary because, 
in order efficiently to utihze the energy of the steam-jet, the 
peripheral velocity of the buckets must be from 0.35 to 0.5 of 
the velocity of the steam leaving the nozzles. The high periph- 
eral velocity could be obtained at a low speed of revolution 
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if the wheel diameter were to be made correspondingly large. 
But large diameters are impracticable because of the frictioniii 
forces which would be brought into play, and certain pro- 
portions have been found which permit of a reasonable peripheral 
speed and allowable stresses in material of the wheel or disk. 
The speed of revolution, however, remains high, and can be 
utihzed for driving machinery only by the use of gearing. 
The number of revolutions per minute varies from 8000 or 



Fig. 91. — De Laval governing mecbanism. 

10,000, in 300-horse-power turbines, to 25,000 or 30,000, in 
very small machines. Since it is impracticable perfectly to 
balance a wheel of the type used, a light, flexible shaft is 
employed, which allows the wheel to assume its proper center 
of rotation, and thus to operate like a truly balanced rotating 
body. 

The De Laval turbine has the advantage of developing 
a large amount of power per unit of weight, and is readily 
applied to the driving of electric generators, centrifugal pumps, 
and blowers. 
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The following table* gives results of acceptance tests made 
upon a 300-horse-power De Laval turbine in November, 1904: 

Machine No. 2083. Sov. 18, 1904. 

Result Sheet. 





55 

907 

152 

133 

27.25 
1.60 
4 
100 


3 
55 

897 

152 

144 
i 

27.19 
1.64 
5 
100 


3 
55 
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152 
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26.85 
1.84 

7 
100 


55 

152 

136 

1 
26, :o 
2.14 

9 
100 


. 


Duration of run, minutes 

HevolutionB of generator-shaftH 
per minute 

Stewn -pressure above governor- 
valve, pounds, gage 

Steam-pressure below govemor- 


895 
152 


Load in per cent of rat«d load 

Vacuum, incheK mercury 

Back pressure, pds. sq. in. abs 

Number of nozzles open 

Quality of steam, per cent 


2,36 
10 


Total D.H..P 

" st«am per hour, pounds. . . 
Steam per D. H. P. hour, pounds 

Total K.W 
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9S,I 
2286.4 
23 3 
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■JO. 4 
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236 

4183. 9 
17.71 
1552 

26.95 


302.5 
5326,5 
17.6 

:oi,i3 

26.5 


348 
6' 45 
17.64 
233,2 
26.35 



The Parsons Turbine embodies a combination of the impulse 
and reaction principles. The steam expands during its passage 
through the Par-sons turbine much as it does in an expanding 
nozzle; that is, the cross-sectional area of steam-passage increases 
from the high- to the low-pressure end of the turbine, according 
to the volume and velocity of the steam at the various points 
of its path. The annular space between the stationary casing 
and the rotating spindle corresponds essentially to a simple 
steam-nozzle, with the difference that in a nozzle the heat 
energy is expended upon the steam itself in proilucing high 
velocities of efflux; whereas, in the turbine, the kinetic energy 
of the steam due to the heat drop in any one stage is expended 
in producing rotation of the spindle. 

The heat given up in any one stage is limited to that amount 
which will produce the kinetic energy ilesired to be absorbed 
in that stage. Further increments of heat drop in succeeding 
stages add successive increments of rotative effort to the spindle, 

• Thesis test of ilessrs. Crosier and Little, Sibley College, 1905. 
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nrttil, when the steam has passed entirely through the tur- 
bine, it has fallen in temperature and pressure an amount 
corresponding to the total heat given up as work, plus the 
losses experienced in the machine. 

The fact that the heat drop is divided into a great num- 
ber of -Steps, the energy being absorbed as rotative effect during 
each step, causes the steam velocity to be kept low throughout 
the machine, and allows a comparatively low peripheral speed 
of blades to be employed with good efficiency. 

The general arrangement and various details of the Par- 
sons turbine, as manufactured by the W'estinghouse Machine 
Company, are shown in Figs. 93-100. 

The curves in Fig. 92 show economy attained by tlie use 
of saturated steam and superheated steam, and the effect 
of increase of vacuum. 

The table below gives tlie trial results represented by the 
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curves plotted in Fig. 92. The turbine was of 400 K.W. rated 
capacity, equipped with automatic by-pass valve. Revolutions 
per minute 3600. The results are inten<Ied to show the gain 
in economy due to the use of superheated steam. It is to be 
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noted that the vacuum was only about 27 inches of mercury. 
The power was absorbed by a water-brake. 
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The table on p^e 252 gives the trial results, represented in 
Fig. 92, from a 750-K.W. Parsons turbine running at 1800 
revolutions per niinute. The power was absorbed by a water- 
brake. The results are intended to show the gain in economy 
obtained by increasing the vacuum from 26" to 28". All 
the tests were made with superheated steam. 
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The essential difi^vnce between the impulse- and the 
reaction-turbines is, that in the former the pressures on the 
two sides of a rotating wheel and also of a guide-wheel are 



Fjo. 95. — Blading of a Westinghouse-Parsons eteam-turbine. Rotor only, 

equal to each other, or are supposetl to be in the ideal case; 
in the latter the pressure drops from the entering side of either 
a guide or a rotating wheel, and thus expansion and acceler- 
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ation of the jet occur in each row of blades. In the simple 
impulse-turbine a set of nozzles discharges upon the buckets 



Fro. 0!t — Bearing, with 

of a single wheel. In the compound impulse-turbine a set 
of nozzles discharges upon a series of moving and stationary 
rows of buckets, the latter changing the direction from the 
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former, so that rotation in a common direction is produced by 
the action of the steam upon each moving wheel. The dis- 
charge from any set of rotating and guide wheels may be 
allowed to expand through a second set of nozzles, or orifices, 
and the resulting jet caused to act upon a second series of 
rotating and guide wheels. The same process may be repeated 
in succeeding stages, to as great an extent as necessary to 
absorb as much as possible of the energj' of the steam. 

In the Parsons turbine as applied to stationary work, 
the end thrust caused by the axial component of the action 
of the steam on the blades is neutrahzed so as to prevent 
the spindle moving in an axial direction, by balance-pistons, 
as shown at P in Fig. 93. These are grooved at the periphery, 
and mesh with corresponding grooves and projections on the 
stationary part of the machine so as to prevent leakage of the 
steam past them. The area of the pistons is proportioned 
according to the amount of thrust which they are required 
to balance. 

For the low-pressure cylinders of Parsons turbines the 
blades become quite long, and in order to give them sufficient 
stiffness special means are taken for holding the outer ends 
of the blades. The Westinghouse Machine Company employs 
for this purpose a special form of wire " lacing," which holds 
the ends of the blades firmly. The recess in the largest blade 
shown in Fig. 102 is for receiving the stiffening-strip or shroud- 
wire. 

In the turbines for the large Cunard steamer "Carmania" 
this form of fastening was tried first, but was modified because 
the expansion of the turbine parts required that the ends of 
the blades should be held less rigidly. The modification con- 
sisted in making the shroud-wire in sections, and joining the 
ends by inserting them in short lengths of tubing, flattened 
so they took the place of the shroud-wire at certain places in 
the circumference. The shroud-wire was thus provided with 
shp-joints, as the ends were free to move back and forth in 
the flattened tubes. 
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In Parsons turbines of small sizes flexible bearings are 
used in order to permit the spindle to revolve about its gravity 
instead of its geometric axis, so that at high speeds the effect 
of minute errors in balancing of the disks may be neutralized. 
The flexible bearings consist of several concentric bronze 
sleeves, with sufficient clearance to allow oil-films to form 
between the sleeves, thus permitting the shaft to vibrate within 
narrow limits. In all machines running below 1200 revolu- 



Fiii, 100.— Westingtiouse-Parsons governor and connections to controlling- valve. 

tions per minute, however, the flexible bearing is replaced by a 
solid self-aligning bearing. 

Water-sealed packing-glands are used at the ends of the 
ca^ngs to prevent the escape of steam or the influx of air 
at the jjoint of entry of the shaft. 

Steam enters the turbine through a strainer, thence through 
a poppet-valve controlled by the governor. In the manner 
of operating this valve practice varies among the different 
makers of Parsons turbines. As made by the Westinghouse 
Machine Company, the poppet-valve opens and closes at inter- 
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vals proportional to the speed of the turbine. At light loads 
the valve opens for short periods, remaining closed the greater 
part of the time. As the load increases the valve remains 
open longer, until when full pressure is continually maintained 
in the high-pressure end of the turbine the valve merely vibrates 
without sensibly affecting the pressure of the steam. If the 
load on the machine is still further increased, an auxiliary 
poppet-valve begins to open, and admits steam from the 
throttle-valve directly into the lower cylinders of the turbine, 
increasing the total power developed. The economy decreases 
with the opening of this secondary or " by-pass " valve, but 
the range of load at which the turbine may be operated with 
a fair degree of economy is very greatly extended. The inter- 
mittent action of the valve admitting the steam is accompanied 
by a constantly reciprocating motion of the operating mechan- 
ism, which is thereby made especially sensitive. 

The bearings of Parsons turbines are supplied with oil 
under pressure, a continuous stream being circulated by an 
oil-pump operated from the main shaft. 

The Allis-Chalmers Company of Milwaukee has recently 
entered the steam-turbine field with a turbine of the Parsons 
type, with the arrangement of blading shown in Figs. 105 to 
107- The roots of the blades are formed in dovetail shape, 
and inserted in slots, cut in foundation- or base-rings, the 
slots conforming to the shape of the blade-roots. The foun- 
dation-rings are of dovetail cross-section, and are inserted in 
dovetailed grooves, cut in the turbine spindle and cyhnder 
respectively, in which they are firmly held by key-pieces. 
The latter, after being driven into place, are upset into under- 
cut grooves. The tips of the blades arc protected and rein- 
forced by a shouldered projection, which is inserted in a slot, 
punched in a shroud-ring. These slots are so punched as to 
produce accurate spacing, and at the same time to give the 
proper angles to the blades, independent of the slots in the 
base-ring. After insertion in the slots, the blade-tips are riveted 
over. 
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The shroud-rings are made in channel shape, with thin 
projecting flanges. This is to protect the ends of the blades 
in case of accidental contact, and at the same time is thought 
to reduce the loss by leakage. The blading is put in place 
and fastened by machinery. 

There is, in this type of Parsons turbine, a special arrange- 
ment of balance-piston, placed in the low-pressure end instead 
of in the high-pressure end of the turbine, and leakage past 
it is prevented by what is called a hbyrinth-packing, consisting 
of radial baffles. The construction and general arrangement 
of the turbine is shown in Figs. 103-107. 

The meaning of the word "stage" in the two types of tur- 
bine has been variously defined. In the impulse-turbine a stage 
consists of a set of nozzles and a set of buckets upon which 
the jet from the nozzles acts. If, as in the case of the Curtis 
turbine, and others of the same type, the discharge from the 
first moving buckets is guided into succeeding moving buckets, 
in order to absorb further the kinetic energy which has been 
produced in the nozzles, the whole combination of nozzles 
and the wheels upon which the jet acts is called a stage. If 
a second set of nozzles be added, discharging upon one or more 
moving wheels, this becomes the second stage of the turbine, 
and so on. 

In the Parsons turbine, since the stationary or guide 
blades, in one row, act as nozzles for the succeeding row of 
moving blades, the two rows taken together may be correctly 
called a stage. Exception has been taken to this, upon the 
ground that expansion occurs in the moving as well as in the 
guide blades, and it has therefore been suggested that each 
row of moving blades and each row of guide-blades form , 
a complete stage. Throughout this book the word stage, as 
applied to the Parsons type of turbine, means a row of guide- 
blades and a row of moving blades taken together. 

The elementsupon which the steam acts in impulse-turbines 
are commonly called buckets, a name used in connection with 
water-wheels. In turbines of the Parsons type the elements 
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acted upon by the steam are of quite different shape, and of 
greater length than those in the Impulse-turbine, and are known 
as blades, or sometimes as vanes. Fig. 102 shows various sizes 
of blades, as used in Parsons turbines; and on page 163 are 
shown outlines of the buckets used in the Curtis turbine. 



Fic. 1 1, —Westin^liouse-Parsons governor. 

The Compound Impulse-turbine. — The best known tur- 
bine of the compound impulse type manufactured in this 
country is the Curtis. Figs. 109-118 show general arrange- 
ments and structural details of the machine as manufactured 
by the General Electric Company. 

As shown in Fig. 60 illustrating the 500-K.W. two-stage 
machine, the turbine proper is divided mto two compartments, in 
each of which are three moving bucket-wheels and two rows of 
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stationary buckets. The three moving wheels in each stf^ 
are firmly bolted together, and are attached to a Mngle hub 
mounted upon the vertical main shaft of the turbine. Before 
entering the buckets of the first stage the st«am passes through 



a set of twelve nozzles, about J inch diameter, covering a sec- 
tion of the circumference about 28 inches in length. The 
clearance between the etlges of the revolving and stationary 
buckets is about -^s of an inch, and they are arrai^ed so that 
there is no possibility of bucket interference. 
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The nozzles directing the steam upon the buckets of the 
second-stage wheels are placed in a diaphragm which separates 
one stage from the other. The twelve nozzles of the first 



stage are divided into six sets, each containing two nozzles, 
and eacli set is supplied with steam through a single vertical 
poppet-valve. The upper end of the valve is of cylindrical 
shape, of lai^er diameter than the valve itself, and moves 
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FiQ. 10 r.—Al lis- Chalmers Tiirblae-btadiDg. 



—Rotor for turbo-generator (AUiH-Chalmera Co.). 
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up and down in a vertical cylinder. The valve is caused to 
open by steam, which is admitted through a port, opened 
and closed by a pilot, or " needle," valve. This pilot-valve 



FKi. 110.— 2000-K.W. Curtis turbine, 750 R.P.M., 6600-volt generator. 

is actuated by an electromagnet, the circuit in which is made 
and broken by a controlling mechanism, which in turn is actu- 
ated by the governor at the extreme upper end of the shaft. 



Dig,, z.d by Google 



TYPES OF TURBINE AND THEIR OPERATION. 273 

The number of valves which are open, and the length of time 
they are open, control the steam-supply, and therefore the 



power of the turbine. The valves which are operative at any 
one time are always either full open or completely closed, there 
being no intermediate position. 
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Fig. 1 13. —New 2000-K.W. 60-cycle turbioe and generator. 
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Surrounding the shaft, above the first stage, and at the 
lower part of the second stage, are packing-boxes, which pre- 
vent leakage of air into the two chambers containing the 



Fia, 114. — Tension-spring governor for 500-K.W. Curtis turbine. 

revolving wheels. There are two carbon rings in each of 
these packing-boxes, which fit the shaft and the top and bot- 
tom of the packing-box closely. The space between the rings 
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is filled with steam, at a pressure slightly above that of the 
atmosphere. If any leakage should occur past the lower ring 
of the first-stage packing, or past the upper ring of the second- 
stage packing, steam would flow in and prevent the entrance 
of air into the turbine. 



Fio. 115, — Buckets on one of the wheels of a 500-K.W. Curtis turbine. 

The lower eml of the shaft is supported by a cast-iron step- 
bearing, which takes the weight of the turbine and generator. 
This bearing is kept continually supplie<l with lubricaling- 
oil under pressure, which is maintained by a small electric 
pump, mounted on the base of the turbine. An accumulator 
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is arranged, so that if the pump should break down, the supply 
of oil would be automatically continued. 

When it is desired to run the turbine non-condensing, the 
exhaust is carried away from the first stage of the turbine 
through an atmospheric vent-pipe, fitted with an automatic 



relief-valve. The second-stage nozzles may be shut off by a 
valve, when the turbine is to operate non-condensing. 

In the supply-pipe is an automatically operated butter- 
fly valve, arranged to cut off the steam-supply in case the 
speed of rotation becomes too high. A strainer is located 
between the throttle-valve and the steam-chest, to prevent 
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the entrance of any solid matter that might injure the work- 
ing parts of the turbine. 

The table of results of Curtis turbine tests shows the 
economy attained with the use of two-stage turbines at the 



Newport Station of the Old Colony Street Railway Com- 
pany (see pages 282-3). The tests were made by Mr. George 
H. Barms. Upon the basis of these results he makes 
the following comparison between the economy of the 
turbine and that of the direct^connected reciprocating steam- 
engine. 

Taking the efficiency of the engine installation as 85 per 
cent, that is, Elec. E.P.-^I.H.P. =0.85, for high-class com- 
pound steam-engines the consumption of dry steam may 
be taken as 13^^0.85 = 15.3 pounds per E.H.P. hour. The 
turbines tested, at full load, consumed 14.7 pounds per E.H.P, 
Thus the turbine was 4 per cent more economical at full load 
than a first-class compound reciprocating-engine, direct-con- 
nected. At half load the reciprocating-engine consumes 14.5 
pounds per I.H.P. hour. The efficiency of the generator at 
half-load is 0.70, or the steam consumption is 14.5^0.70 = 20 7 
pounds per E.H.P. hour. The turbine consumed 15.9 pounds 
per E.H.P. hour; or, effecte<i a gain of 23 per cent. 
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Continuing, Mr. Barms says: "The coal consumption on 
Jan. 15 was 2.54 pounds dry coal per K.W. hour of total out- 
put. If this test had been made with furnace efficiency as 
high as has been obtained with these boilers, the figure would 
have been 2.29 pounds of coal. There was an abnormal loss 
of steam between boilers and turbine, being 14.8 per cent and 
16 I per cent. In good practice this should not be over 7.5 
per cent. Allowing for such a loss, the coal consumption 
would be 2.12 pounds per K.W. hour, or 1.58 per E.H.P. hour. 
Compared with power-station practice, this figure should be 
converted to switchboard output, and coal slightly wet. Allow- 
ing for current used by condenser auxiliaries, as 14.9 K.W., 
and for 4 per cent moisture in coal, the consumption of 
wet coalper K.W. hour of switchboard output, in good 
practice under these circmnstances {the average net load be- 
ing 407 K.W.), becomes 2.29 pounds. With corresponding 
high-class reciprocating-engine stations, the coal consmnption 
per K.W, hour, of switch-board output, is from 2.5 to 2.6 
pounds. 

"Tliese tests were made with two-stage turbines, and fur- 
ther economy may be expected from turbines with a larger 
number of stages. 

"The advantage of superheating revealed by the Newport 
tests, on coal basis, is only 4.4 per cent under the most favor- 
able conditions of temperature and efficiency. This result 
was obtained with a temperature of 700° at the superheater. 
There is good reason for expecting that increasing the number 
of stages of the turbine will be attended by a proportional 
gain, due to superheating, over the two-stage machine. What- 
ever percentage of saving in steam consumption may thus 
be secured, there will be the same percentage of increase in 
coal economy, and the improvement will be clear gain." 
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Economy of Turbine expressed in Heat-units per 
Electrical Horse-power. 

The B.T.U. per E.H.P. hour were 16,923, at full load, 
with saturated steam, and 15,012 with 289.6" superheat (using 
0.48 as the specific heat of superheated steam). The heat 
utilized in evaporation per pound of dry coal was 10,765 
B.T.U. On this basis the above figures represent a con- 
sumption of 1.57 pounds dry coal per E. H. P. hour for 
saturated steam, and 1.39 pounds for superheated steam per 
E.H.P. hour. The heat consumptions given are equivalent 
to 282 B.T.U. per E.H.P. per minute for saturated steam, and 
250 for superheated steam. 

The comparisons given above, between the performance of 
turbines and compound reciprocating-engines are based upon 
the results of one particular type of turbine, because the 
figures were at hand, but any of the well-developed types 
would give approximately the same results under similar 
conditions. 

The turbine, although possessing distinct advantages in point 
of convenience, space, oil and attendance required, has not 
yet equaled the steam economy attained with the best triple- 
expansion stationary reciprocating en^nes. A comprehensive 
comparison places the two types of motor very close together 
in general utility and effectiveness, with the turbine gaining 
ground for power station service because of its simplicity. 

Fig. 113 shows one of the latest designs of Curtis turbine, 
having four stages and rated capacity 2000 K.W. The results 
in the following table are from a test made at Schenectady in 
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1905, under the direction of Messrs. Sargent and Lundy of 
Chicago. The revolutions per minute were 900. 

In Figs. 116 to 118 are shown small horizontal Curtis tur- 
bines, direct-connected to generators. The latter are direct- 
current machines and operate at the speeds of revolution given 
in the table on page 287. 

Other types of turbine are about to be introduced in this 
country, similar to the output of European firms. The Hooven- 
Owens-Rentschler Company of Hamilton, Ohio, is building 
the Hamilton-Holzwarth turbine, which is of the general char- 
acter of the Rateau turbine, operating upon the impulse prin- 
ciple entirely, and having several compartments, each con- 
taining a rotating wheel. 

The Zoelly turbine, also of the many-stage impulse type, 
is being manufactured by the Providence Engineering Works, 
of Providence, R. I. 

Capacity and Speed of Revolution of Turbines. — ^The follow- 
ing tables give particulars of Parsons and of Curtis turbines, 
as built for operating electric generators. 



PARSOXS TURBINES. 
K.W. 



R.P.M. R.P.M. 

aO-cycle. ZS^ycle. 



400 3000 

600 3600 1500 

750 1800 1500 

1000 1800 1500 

IfiOO 1200 1500 

2000 1200 1500 

3S00 720 750 

5000 720 750 

6000 720 760 

7500 720 750 

200 K.W. direct-purrent, 1850 R.P.M. 

The speed of revolution of De Laval turbine generators is 
given in the tables of tests. Tlie speed of revolution of the 
turbine-wheel is usually ten times that of the generator arma^ 
tuie. 
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CURTIS TURBINES. 



ClasB. 


PcJbs. 


K,W. 


R.r.M. 


Volt.. 




2 


15 


-4000 


80-1J5 




2 


25 








4 


75 


2400 


125-i50 




4 


150 


2000 


K5-r50 




* 


300 


1500 


125-550 



CUxa. 


Polw. 


K.W. 


R.P.U. 


Volw. 


C 


4 


500 


ISOO 


650 



A LTERN ATtNG-CUHRE ST . 



Ck». 


Poles. 


K.W. 


R.P.M. 


VollB. 




4 


300 


1800 






4 


500 


1800 


240- 6600 




6 


1000 


1200 


480- 6600 




8 


1500 


900 


480- 6600 




8 


2000 


900 


1150-13200 




12 


3000 


600 


600-13200 




10 


5000 




2300-13200 



ClBM. 


Poles. 


K.W. 


R.P.M. 


Volu. 


ATB 


2 

2 

4 
4 


300 
800 
2000 
5000 


1500 
1600 
750 
750 


370- 6600 
600-13200 
2300-13200 
2300-13200 
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Clearances in Turbines. — In impulse-turbines fitted with 
guide-buckets the clearance between buckets is important; 
but, as was shown in the experimental work described in Chap- 
ter VI, small clearances, such as are necessary for mechatiical 
operation. of the wheels, do not seriously affect the efficiency, 
The following clearances are recommended by the General 
Electric Company,* 



TurlMM. 




Ratini. 


St»«es. 


FirW StMB. 


SHODd SUge. 


nnrdSMff. 


Fourth StMe. 


500 
800 
1000 
1500 
2000 
3000 
5000 
5000 


6 


0.06 in 

.07 
.08 
.06 
.06 

.07 
-07 
.10 


ch 





06 inch 

07 " 

08 " 
06 " 

06 " 

07 " 
07 " 
I " 


0.06 inch 
.07 " 
.08 " 
.06 " 
.08 " 
.07 " 
.07 " 





06 inch 

07 " 
16 " 

08 " 
08 " 
08 " 
08 " 
2 " 



In the ideal many-stage turbine, since there is no drop in 
pressure in any given stage after the steam leaves the nozzles, 
the direction of flow is determined by the nozzles and guide- 
buckets, and the clearance past the periphery of the wheels is 
of little or no consequence. A certain amount of clearance is 
desirable from mechanical considerations, and this apparently 
does not interfere with the efficiency of the actual machine. 

In the reaction type of turbine it is the limitation of clear- 
ance past the periphery of the blades that is important, and 
not that between the rows of blades. This is because there is 
expansion of the steam all along the turbine, and the steam 
tends to flow in all directions. Leakage past the ends of the 
blades is, therefore, to be prevented, and the clearances are 
kept as small as possible. Knowledge regarding the expansion 
of the spindle and casing caiised by the temperatures attained 
in operation is possessed by turbine-builders, and the clear- 
ances are arranged accordingly. The clearances between rows 

• See Report of Committee for the Investigation of the Steam-turbine, 
National Electric Light Assoc, June, 1905. 
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of blades vary from i or A inch in the high-pressure stages to 
one inch or even more in the lower-pressure stages. The clear- 
ance between the tips of the blades and the casing or spindle, 
as the case may be, is limited to a few one-thousandths or a 
few one-hundredths of an inch, according to circumstances. 

The gain due to increase of vacuum is illustrated by the 
following extract from the "Report of the Committee for the 
Investigation of the Steam-turbine," appointed by the National 
Electric Light Assoc, and before referred to: 

" From a recent test made by your committee on a 2000- 
K.W. turbine, different vacua were run for the specific purpose of 
obtaining the vacuum effect; it was found that for this turbine 
running at 1800 kilowatts the increase in economy is 5.2 per 
cent from 26-inch to 27-inch vacuum, and 6.75 per cent from 
27-inch to 28-inch. 

"Under the following assumed conditions the economy 
effected in operating under high vacuum would work out some* 
what as follows : 

Assumed size of unit, K.W 2000 

Average load 1500 

Hours run per day 16 

Hours run per year (300 days). : 4500 

Price coal per ton, 2000 pounds J3.00 

Evaporation 9 pounds 

Economy pounds water per kilowatt 22 

Rise in vacuum 2ft-28 inches 

Assumed per cent increase of economy due to 

increase of vacuum from 26-28 inches 6 per cent 

Water saved per K.W.-hour 1 .32 

Water saved per year 140,000 cu. ft. 

Cost of water saved per year at 2. 58 S35.00 S35.00 

Coal saved per year 600 tons 

Cost of coal saved per year at $3.00 $1500,00 $1500.00 

$1535.00 
Increased cost of condenser plant for 28-inch 
over that of 26-inch assumed 16000.00; in- 
terest on above at 5 per cent, depreciation 
10 per cent, other fixed chargea, including 
repairs, 2 percent, total 17 per cent $850.00 850.00 

Saving per year $685.00 
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S&ving per year SOSIi.OO 

The above does not include the extra cost in steam 
to nm the larger auxiliaries, but, inasmuch as 
such exhaust'Steam would return a bene&t to 
the feed-water if they were all steam-driven, we 
will assume that the extra cost in water is 2 per 
cent of the total steam guaranteed by the turbine 
and will amount per year to S13.00 12.00 

Total net saving $673,00 

With interest at 5 per cent this represents a capital 

saving of 13,460.00 

Kzes of Condensers and Aiudliaries.— " The turbine instal- 
lations concerning which we have received information, wheie 
28 inches of vacuum is maintained with a cooling-water tem- 
perature of 70 degrees F., show a miniumm ratio of cooling 
surface in the condenser to steam condensed, per minute, of 
6.9 square feet per pound. But the more usual ratio, even 
where the cooling water is from 5 to 10 degrees lower in tem- 
perature, is 8 to 9 square feet per poimd. In the first instance 
noted above it is to be remarked that the ratio of circulating 
water to condensed steam is 70 to 1. With greater coohng 
surface ratios the proportion of cooling water is reduced. 

"In actual practice, for temperatures of cooling water rang- 
ing from 60 to 70 degrees, circulating-pimips have been installed 
for volumes of coohng water ran^ng from 40 to 70 times that 
of the water of condensation. At the low ratio of 40 to 1 the 
cooUng water temperature must be close to 60 degrees for so high 
a vacuum as 27.5 inches, and even then considerable difficulty is 
experienced in maintaining the 27.5 inches, unless the ratio of 
coohng surface to pounds of steam condensed per minute is 8 to 1. 

Steam Used by Auxiliaries. — "These figures are obtained 
from letters sent to us by turbine owners: 

a 2U0-K.W. D(' Laval exhausting into o;ie condenser. 

3000 gallons per minute circulating-pump; 2-8tage dry- 
vacuum pumps8X12X-f|: duplex wet-vacuum pump; 15-K.W. 
turbine exciter. Steam by auxiUaries, 2.6 pounds per kilowatt- 

Byllesby&Co.: 

Steam per kilowatt at half load, 3.5 pounds. - 
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Boston Edison Company. 
5000-K.W. Turbine Unit. 

Kilowatt!! on turbine 2713 3410 < 

Vacuum 28.4 28.7 

Barometer 29.53 29.95 

Boiler-feed pump, I.H.P. 13.9 23.7 

Circulating- pump, I.H.P 69.1 69.1 

Dry.vacuum pump, I.H.P 24.3 23.2 

Step-beariag pump, I.H.P 6.4 5.8 

Wet-vacuum pump, E.H.P 8.6 9.2 

Total power tor auxiliaries 122.3 131 

Per cent of power of auxiliaries to power of 

turbine 3.4 2.9 

Per cent of water used by auxiliaries to that 

UiSed by turbine 8.4 7.4 



Test Reported by Nashua Light, Heat, and Power Cohpant. 
500-K.W. Curtis, Rated Water per Hour 20.5 Pounda. 





„?6T„ 

Sstu. 
rated. 


Super- 


's?r 


PeXt 
Differ- 


Degree. 

Super- 




Dry-air pump 

Boiler-feed pump. . . 

Weatinghowae jun. 

driving circ. pumps 


130,9 
181. 5S 

352.15 

663.64 


130-9 
183.13 
249.58 

439.36 


102.57 
224.28 


29.12 

33.79 


71.98 

97.65 


Feedpumps 
actaswet- 




1328.27 


1002.97 















Per cent of rated water consumption of turbines 

at full load 12.9 per cent, 9.7S per cent 

Dry-air pump, 6" and 12" by 12" stroke, 93 R.P.M. 
Boiler-feed pumps, 7,5" and 4.5" by lU" stroke, 98 R.P.M. 
Centrifugal-pump engine, 7" by 6" stroke. 

"It is, however, a question whether the extra cost of steam 
for driving larger auxiliaries for high vacuum work is of any 
great moment, as such steam is of considerable value in the 
feed-heater. It is to be noted also that these figures are for 
total consumption of auxiliaries, and that the increase of steam 
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necessary to obtain two inches more than 26 or 28 inches must 
necessarily be very small. 

"An important feature of operation with high vacuum is 
the necessity of having air-tight stuffing-boxes and pipe-joints, 
lack of which results in loss of economy to the turbine, and 
increased consumption of steam by the dry-vacuum pumps and 
circulating pumps. 

"Undoubtedly the best arrangement of the condensing 
plant is the use of a counter-current condenser, placed as close 
to the exhaust-nozzle as possible and with the dry-air pumps 
drawing from the condenser at the point of coolest circulating-' 
water; this pump also so placed that the minimum of pipe con- 
nection can be used. With this arrangement the possibility of 
fur-leaks would be greatly reduced, the quantity of circulat- 
ing water would also he lessened, owing to the lower tension 
of the air which has just left the coldest tubes of the con- 
denser. We believe that it is important, in lowering operat- 
ing costs, that the above design of the installation should 
in all cases be followed as rigidly as individual conditions 
will permit. 

"From the experience obtained in their own plants and in 
testing others, the committee recommends that the capacity in 
cubic feet of volume swept by the air-piston of the dry-air 
pump be not less than 45 times the volume of the condensed 
steam; and where overload conditions are frequent, not less 
than 50 times the water (condensed steam) volume." 

General Remarks on Steam-turbine Design. — The experi- 
mental work on buckets, discussed in Chapter VI, indicates that 
the placing of a number of rows of moving and stationary 
buckets in a single stage of an impulse-turbine may lead to an 
accumulation, or backing up, of pressure. This may be caused 
by any of the following conditions : 

(o) Insufficient area for the passage of steam, especially in 
the last wheels of the stage. 

(b) Discharge side of the buckets making too small an angle 
frith the direction of motion of the buckets. 
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(c) Bucket surfaces opposing undue frictional resistance to 
(he passage of steam. 

(d) The steam-passages from one wheel to another being 
indirect and opposing undue obstruction to the flow of steam. 
If, in order to reach a succeeding row of buckets, the steam has 
to traverse the surface of a rotating wheel, this may interfere 
with free flow and cause loss. 

These conditions may prevent the production of the deared 
rotative effort in the stage in question, and thus call for modi- 
fications in the area and character of steam-passages, in the 
bucket exit angles, and, assuming it to be practicable, in the 
degree of smoothness to which the bucket surfaces are finished. 

In one of the most recent types of Curtis turbine there are 
four stages, and one rotating disk or wheel in each stage, car- 
rying two rows of buckets. The 2000-K.W. turbine shown in 
Fig. 113 is of this type. 

In general, as great freedom as possible is required for pas- 
sage of the steam through the high-pressure stages of the tur- 
bine. But, at the same time, sufficient area of buckets must 
be provided for the steam to act against, and this may call for 
an increased number of buckets in the last wheels of a stage, 
as the exit angles are increased. 

In the Parsons type freedom of steam-passage is equally de- 
sirable, and in general the requirements are similar to those just 
stated. It is (!esirable to keep the steam velocities low, and, 
while certain undesirable features appear, it is quite possible to 
design a reaction-turbine having practically uniform steam 
velocities throughout the machine. 

In conclusion it should be said that the determination of 
sizes and general proportions of mechanical devices of ail kinds, 
and more especially in cases of departure from the beaten path 
such as that now being made by the builders of steam-turbines 
of the various types, is only a first step towards bringing forth 
satisfactory results as viewed from an engineering standpoint. 
The develcpment of satisfactory details and the commercially 
successful production of the finished machine call for technical 
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and mechanical skill combined with business ability all of the 
highest order, and unstinted credit is due to the men who have 
worked and are working to perfect the mechanism of the steam- 
turbine. 

Note regarding tlie Design of Condensers and Air-pumps. — la 
a paper presented to the Inst, of Naval Architects, London, 
■ Apr. 1906 (see reprint, "Engineering," Apr. 13-20), Prof. R. L. 
Weighton describes very complete experimental work performed 
in order to ascertain the relative efficiencies of the surface con- 
denser as ordinarily built for both stationary and marine 
work, and the surface condenser to which the name ' 'Contraflo " 
has been given. The conclusions are of exceptional interest, 
and indicate that condensers and air-pumps are commonly 
r.:a<Je of considerably greater size and capacity than would be 
found either necessary or desirable if the principles biought out 
iu the paper v\ere made use of in the design of those parts. 

The type of counter-current condenser referred to on page 
292 is a horizontal surface condenser, in which the cooling 
wat«r and the exhaust steam enter in opposite directions, pref- 
erably with the steam entering at the bottom of the shell, and 
the water through the tubes at the top. The dry air-pump is 
then caused to draw from a connection at or near the top of 
the condenser shell. 
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CHAPTER X. 
THE MARINE STEAM-TURBINE. 

The recent decision of the Cunard Steamship Company, 
and that of the British Admiralty, to install turbines in place 
of reciprocating-engines in various large and important vessels, 
have brought the marine steam-turbine very prominently before 
the public. This departure, made by conservative engineers who 
had access to all the existing data on the subject, has apparently 
been justified by the subsequent good behavior of the turbines 
already installed. The question as to the efficiency of the marine 
turbine must rest upon the results of tests of different classes of 
vessels under various conditions, but the trials made thus far are 
very gratifying in their results, and cover a fairly wide range of 
vessels, from the first small boat, Turbinia, of 32 knots speed, 
to the ocean liner Carmania, of about 19 knots speed, which 
has just completed her initial voyage successfully; and includ- 
ing the third-class cruiser Amethyst, in which the economy 
of the turbine, at the highest powers, exceeded that of the 
reciprocating-engine by as much as 40 per cent, and excelled 
in efficiency at all speeds above 14 knots per hour. 

The following table gives particulars of practically all of the 
vessels which have been equipped with turbine machinery. 
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Clhe table it fram a db 
Owne 



KingEdward. ... 
Queen Ale:<anclra 



Owan-BoLng De- 



Loisua. ..*!.'!! 

ICmerald - 

Albioi 

NaiTisaus 

HovbI Yaeht. . 
MalirniuBah. . , 
The Queen 



t«ndonden 
Msnxn.an. 



■, Turbine aieameM, Ltd 



. SirG. Newnea 

. A. E. Mundy, , . . . 
. H.M, KingEdran 
. The Khedive of F.( 



Armstrong, Whit. 

worth & Co. 
Hawthorn, Lealia 

&Co. 

do 

row and l^hire. 
Laird, Thorny - 

•tmn'g. Whitej 



. Stephen & 8<ina . > 

. SwHi>,»HuDier.. 

. Fairfield 

- A. & J, liighs 

t, do. (rebuildinn). . 

>. Denny Bros 



^Iway Co, . . 

. l8leofMan8.S.CfJ 

r, rhalham Ry, 

;a-roB;>tRy.Co. 

. G. * J. Biima 

n Ily. Co. 



Armstrong, Whit- 
worth & Co. 
Denny Bros 

Fairlield 



a. Put in wrviee Julv, 1901. 

3. Put in service July. 1002. 

4. Launi-h«t fl/a/W. Ran 
Trials made in 1000. 

5 Sank al «8 in Pepiernber. 1 

6 H«-ipn»ating rruisine eng 
400 R P.M Ij.unfhe.1 2-1902. 



largely used for exf>er 
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TURBINE STEAMERfl— GENERA!, 
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The principal reasons for the present tendency to adopt the 
steam-turbine in place of the reciprocating-engine for propelling 
ships of certain types are the following: 

1. Decreased cost of operation as regards fuel, labor, oil, 
and repairs. 

2. Vibration due to machinery is decreased. 

3. Less weight of machinery and coal to be carried, result- 
ing in greater speed. 

4. Greater simplicity of machinery in construction and 
oper.ition, causing less liability to accident and breakdown. 
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5. Smaller and more deeply immersed propellers, decreas- 
ing the tendency of the machinery to race in rough weather. 

6. Lower center of gravity of the machinery as a whole, 
and increasetl headroom above the machinery, 

7. According to recent reports, decreasefl first cost of 
machinery. 

8. The adaptability of the turbine for greater power devel- 
opment in a single unit. 

The application of the turbine to driving screw-propellers 
has presented a number of new problems to designers, such as 
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have been solved and reduced to more or less nearly standard 
practice in the case of the reciprocating-engine. Among these, 
the greatest importance attaches to the questions of reversibilHy 
of turbines, efficiency of propellers, and economy at slow speeds. 

The problem of reversing has been met by the use of special 
reversing turbine drums, rotating idly in the exhaust-passage 
and upon the shafts of the low-pressure turbines when the ship 
is going ahead, but reversing the direction of rotation of the 
shafting and propellers when live steam is made to act upon 
the blades of the reversing-dmms. 

The determination of propeller proportions suitable for high 
speeds of rotation is still the subject of extensive investigation, 
although very satisfactory progress has already been made. 
The problem is to determine the proper diameter, amount and 
distribution of blade area, and the proper slip and pitch ratios 
to be used with the comparatively high rate of revolution of 
the steam-turbine. 

High peripheral velocity of turbine blades may be obtained 
either by 

(a) High rate of revolution and small diameter, or 

(6) Large diameter and relatively low rate of revolution. 

For satisfactory efficiency of propulsion with screw pro- 
pellers, certain areas of propeller-blade surface are required, 
according to the thrust demanded, and it has been found 
advisable to limit the number of propellers to one upon each 
shaft. The shafts may be from one to four in number. There 
are three in the Carmania, and four in the two large Cu- 
narders at present under construction. The requirement for a 
certain amount of area of blade surface with a Umited number 
of propellers causes a limitation of the speed with which it is 
safe, or otherwise advisable, to rotate the shafts. This leads, 
in vessels of large displacement and high power, to the use 
of large diameters of the rotating members within the turbine 
casings, becaiise otherwise the speed of rotation of the propellers 
would often be such as to cause low propulsive efficiency. The 
problem presents itself to the designer not as a propeller prob- 
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lem alone, capable of solution for any rate of revolution that 
may be adopted for the turbines, but as a question of the 
proper interrelation of steam velocities, diameter and rate of 
rotation of turbines, and size and proportions of the screw- 
propellers. 

This su^ests the chief difference in point of design between 
turbines for driving alternating-current machinery and these 
for rotating the shafts of screw-propellers. The stationary tur- 
bine may be operated at a high rate of revolution, with increas- 
ing efficiency and decreased size and weight of part accom- 
panying the increase in speed. The marine turbine, especially 
for large powers, is called upon to turn the propellers at the 
relatively low rate of revolution giving satisfactory propulsive 
efficiency. Since both types require certain peripheral veloci- 
ties in order to utilize the energy of the steam efficiently, the 
result is relatively high speed of rotation for the stationary 
turbine, with as small diameters as possible so as to reduce 
centrifugal forces; and large diameters of the marine turbine, 
with correspondingly low rates of revolution, for obtaining 
efficiency of screw-propellers. 

Further difference in the arrangement of the two types is 
occasioned by the demand for close regulation of speed in the 
stationary turbine, and for reversibility in the marine turbine. 
The latter must be capable of sudden reversal of direction of 
rotation, and of ready handling at aJI speeds for maneuvering 
the vessel. 

In general, with the larger turbine-boats that have been 
built, the economy has been somewhat lower at speeds below 
14 knots than in boats driven by reciprocating-engines, but 
above this speed the turbine-boats have exceeded in economy, 
and the rate of increase with increased speed has been very 
marked. This is shown by the economy curves on pages 302 
and 303 representing trials of torpedo-boat destroyers and 



• The curves aod the table on pages 296-299 are from a paper by Mr. K 
M. Sf>eakman. Trans. Am Soc. Naval Architects and Marine Engineers, Vol. 
13, 1905t " Marine Turbine Development and Design." 
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The following table * shows the steam consumption of the 
four Midland Railway steamers recently built and tested. The 
Antrim and Donegal are equipped with reciprocating-engines, 
each vessel having two sets of four-cylinder triple-expansion 
engines, each driving a three-bladed propeller. The cylinders 
are 23 inches, 36 inches, and two of 42 inches diameter, with 
30-inch stroke of pistons. 





aaUoni ot Water Conaiuned per Hour. 


Speed in Knots 


"&»■ 


Turbine. 






Maaxman. 


14 
17 
20 
22 
23 


4,500 
6.700 
9,700 


4.500 
6.100 
8,900 
13,600 


4.500 
5.800 
8,300 
12,500 
17,300 



The arrangement of the turbines in the Londonderry and 
Manxman differs only in detail, but the turbines in the 
Manxman are larger, as they were designed for 25 per cent 
more power than the Londonderry. There are three tur- 
bines in each vessel, one high-pressure and two low-pressure. 
The reversing-turbines work upon the low-pressure shafts, and 
rotate in vacuum when not in use. Each of the three turbines 
drives a three-bladed propeller. 

The dimensions of the four vessels are ahke, with the ex- 
ception that the Manxman is of slightly greater beam than 
the others. The length on the water-line is 330 ft.; moulded 
breadth, 42 ft.;t moulded depth, 25 ft. 6 in. 

The amount of water consumed was measured during the 
progressive trials by counting the strokes of the feed-pumps, 

Mr. Parsons has made the following! prediction as to the 
future of the steam-turbine for marine use: "... With the 
evidence at present before us, I think we are safe in predicting 

* London Engineering, August 4, 1905. 

t Excepting the Manxman, of 43 feet beam, 

JTrans.Inat, Marine Eng, London, 1904-5. 
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Kie. 122. — Cross-section through machinery space, steamship Carmaai^ 
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"^'O, 124.— Arrangement of machinery in S.S. CamianU, 
(From "EnginBerinB," London, Dee. 1, 1905.) 
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308 Steam-turbines. 

that it will soon supersede entirely the reciprocating-engine in 
vessels of 16 knots sea-speed and upwards, and of over 5000 
I,H.P., and probably also including vessels of speed down to 
13 knots, of 20,000 tons and upwards, and possibly still slower 
vessels in course of time. At present it may, I think, be aaid 
that the above most suitable field comprises about one fifth of 
the total steam tonnage of the world; but it must be remem- 
bered that the speed of ships tends to increase, and the turbine 
to improve, and so the class of ships suitable for the turbine 
will increase." 

The growth of the application of the Parsons turbine to steam- 
ship propulsion is represented in Fig. 125. At the left is shown 
the progress in application to war vessels, advancing from the 
experimental "Turbinia " to the battleship "Dreadnaught," and 
at the right the progress in application to merchant and passen- 
ger vessels, culminating in the production of the largest vessels 
afloat, the Cunard steamers "Lusitania " and "Mauretania," 
785 feet long and of 25 knots speed. These remarkable vessels 
and their turbines are shown in Rgs. 126, 127 and 128. 

Fig. 129 shows a number of arragements of Parsons turlanes 
suitable for various classes of vessels. It is to be noted that 
several of these arrangements show four propeller shafts. In 
general the requirement for great power in a ship calls for its 
distribution between several units as has been the case with the 
"Lusitania" and "Mauretania." It is possible and customary 
in certain classes of work to build single turbines to develop 
considerably more power than it is prsicticable to develop in a 
single reciprocating engine. But for very high powers the size 
of shafting and other parts becomes necessarily so great that it 
is often found advisable to distribute the power between several 
units, especially when the speed of rotation is low. 

Figs. 130 to 134 inclusive show the steamer "Creole " and the 
turbines for propulsion. The ship was built by the Fore River 
Shipbuilding Company for the Southern Pacific Railway Com- 
pany, is 440 feet long, and has a speed of about 17 knots. 
The small turbine shown in the foreground of Fig. 131 was de- 
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Fio. 127. — Stem View Showing Eudder and Two of the Four Propellers, Str. 
Mauretania,CunardLine. SbterSbip toLusitania, (From " Ei^ineeting," 
London.) 311 
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314 STEAU-TUBBISES. 

signed for a battleship tender, to develop 250 H.P. at 1200 r.p.m., 
while each of the main turbines for the "Creole " develops 4000 
H.P. at about 235 r.p.m. 



The first large turbine steamers to be put on the transatlantic 
service were the Allan line boats, "Victorian" and "Vii^inian," 
of about IS knots speitl. The arrangements of the turbines, 
condensers, shafting, and of the steam-piping, are shown in Figs, 
135 and 13G. One of the condensers of the "Victorian," with Mr. 
Parsons' V(Kuum Augmenter, and with the air-pumps, is shown 
in Fig. 137. 

AVith the clevolopment of the turbine has come the necessity 
for measuimg the power delivered to the shaft. Two methods 
are illustrated here, the first, that invoking the application of a 
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Fig. 134.— Cortis Marine Turbine ai 
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Fia. 133.— One of the Rotating Wheels, Curtis TuiWes for Sl«flme*^ 
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Fig, 135. — Arrangement of Steam-piping, Steamer " Victorian." 
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FiQ. 137. — Condensers and Air-pumps, Steamer \ ictonan, \llan Lme 
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THE MARINE STEAM-TURBINE. 319 

water-brake to the shaft; and the second, that in which the arc 
of torsion of a certain length of shafting is measured while power 
Is being transmitted by the shaft. All shafts twist to some ex- 
tent under the influence of torque, and for stresses below the 
elastic limit of the material the arc of torsion is proportional to 
the torque. The first successful torsion-meter for turbme use 
was developed in Germany by Dr. Foettinger, of Stettin, upon 
the basis of the extensive experiments made by Hermann 
Frahm of Hambui;g to ascertain the extent of the torsional 
vibration of the shafting of reciprocating engines. The Foet- 
tinger torsion-mctcr is shown in Fig. 138, and diagrams ot)- 
tained by its use in Figs. 139, 140, 141, inclusive. The Denny- 
Johnson torsion-meter was developed by Messrs. Denny Brothers 
of Dumljarton, Scotland. This meter is represented in Fig. 142, 
and results obtained are shown in Yig. 143. Torsion-meters 
have yielded most valuable information as to the mechanical 
efficiency of reciprocating marine engines, and have thereby 
contributed materially to the available information concerning 
ship propulsion. 

Water-bralces are not convenient for application aboard ship, 
but are extensively used in shop tests of turbines. Numerous 
forms of water-braice have lieen devised, but in all the power 
developed by the turbine is expended in setting water in motion 
by means of rotating metal discs or wheels. The torque is 
measured by weighing the pull on a bralce-ann attached to the 
casing in which the rotating member is enclosed. The casing 
tends to rotate because of the action of the water, which is set 
in motion by the rotating discs of wheels. The water is of 
course heated by the frictional resistance opposed to its motion. 
Figs. 144 and 145 show one form of water-brake which is suc- 
cessfully used in turbine tests. 
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EXAMPLES. 

SET NO. 1. 
Text Reference, Paobs 6-20. 

1. One quarter pound of steam flows per second from a vessel fitted 
with an orifice tiaving a least cross-sectional area of .025 sq. in Let 
the specific volume of the steam while in the orifice be 2.0 cu. ft. per 
pound. 

(a) Compute velocity of flow. 

(6) Compute the reaction accompanying the flow, 

2. If the steam should act upon the buckets of a turbine- wheel, leav- 
ing same at a velocity of 1000 ft, per see., 

(o) What horae-power will be given up to the wheel, assum- 
ing there are no frictional losses? 

(6) Compute the efficiency of wheel from the above con- 
siderations. 

(c) If the exhaust, at IfKK) ft. per see., should act upon the 
buckete of another wheel, leaving same at 300 ft. per sec, how 

. much power would the two wheela together dehver, disregarding 

(d) What would be the efficiency of the system? 

3. A vane such as that shown in Fig. 9, page 18, moves with a velocity 
of 1200 ft. per sec, and is acted upon by a jet of steam having an initial 
velocity V, of 3400 ft. per sec. The angle a =24 degrees and ^=30 
degrees. 

(o) If one quarter pound steam per sec. acta upon the vane, 
compute the impulse of the jet upon the vane. 

(6) Find the proper value of the angle of the entering side 
of the vane, so that the steam may enter without loss from impact. 

SET NO. 2. 
Text Reference, Chapter III. 
A pound of water at 520 degrees F. absolute is heated until its 
temperature becomes 790 degrees absolute. 

(a) .\3Suming its mean specific heat to be 1.006 for the temperature 
range in question, how much heat is required to accomplish the rise in 
temperature? 

(I) What increase in entropy has accompanied the addition of heat? 

320 
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(c) If further heat be added until the entropy of the resulting mix- 
ture of steam and water is 1.55, aa shown on the chart at the back of 
the book, what will be the percentages of steam and of water present? 

(d) If the mixture should expand adiabatically in a nozzle to a 
pressure of 10 lbs. absolute, what would be the resulting velocity of 
flow from the nozzle under ideal conditions? 

(e) What would be the quality of the exhaust from tho nozzle? 

(/) If sufficient heat had been added in (c) to evaporate the pound 
of water into dry and saturated steam, how much Tnore heat would 
be required to siiperheat the dry steam to a temperature 100 degrees 
above the saturation-point, assuming the mean specific heat of super- 
heated steam to be .58? 

(?) To what temperature would the superheated steam have to fall, 
adiabatically, in order to become just dry and saturated? 

(A) If the expansion indicated in {g), of the superheated steam, 
occurred in a suitable nozzle, so that the energy Uberated all appeared 
as kinetic energy of flow, compute the velocity of the issuing steam-jet. 

SET No. 3. 
Text Reference, CHAPTEita IV and V. 

Design a nozzle for carrjdng out the expansion of .25 pound st«am 
per second, under the following conditions; 

Let the initial pressure be 165 pounds absolute =pi. 

" " final " " 2 " " =p,.. 

" " loss of energy in the passageway be that corresponding to 
y = .14. 

Let the steam before entering the nozzle be 98.5 per cent dry. 

Find the proper cross-sectional areas tor the nozzle at points where 
the pressure is 95 pds., 75 pds., 60 pds., 45 pds, 30 pds., 15 pds., and 2 
pds., absolute, per aq. in. 

Let the interior of the nozzle be conical in form, 4" long. 

Make a sketch of the nozzle to scale, and plot curves of pressure fall 
and velocity similar to those on page 149. 

Typical calculations are given on page 85. 

SET NO. 4. 
Text Reference, Pages 151-1.58. 
Let steam expand in the nozzles of a simple impulse turbine (de 
Laval type) from 120 pounds absolute to a vacuum of 27" mercury. 
Let the nozzle make an angle <* =28° with the plane of rotation of the 
buckets. Let the peripheral velocity of the buckets be 1300 feet per 
second. Find steam velocity from Plate XI. 
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(a) Draw velocity diagrams, allowing (or no losses, and comput* 
tht energy given up to the buckets, per pound of steam, and compute the 
steam consumption of the deal turbine, and the efficiency. Hake a sketch 
of the buckets on the vektcity diagram. 

(b) Let the loss of energy in tbe noEzlea correspond to y—.lS, and in 
the buckets let y' — .13. 

(1) Draw velocity diagrams, and sketch in the bucket outline. 
Note the change in bucket angles, made necessary by tbe losses. 

(2) Compute the work done per pound of steam, and the steam 
consumption per horse-power hour. 

(3) Compute the efficiency of the turbine. 

(4) If the revolutions of the wheel are 14,000 per minut«, find 
diameter of mean bucket circle. 

(5) If seven nozzles are used at maiimum load of ?S K.W., 
find least diameter of tbe nozzles, by means of the curve of dis- 
charge on Plate XI. 



Text Refebbncb, Pages 158-175. 

(a) Draw velocity diagramB for an impulse turbineof two stages and tiiree 
rows of moving blades in each stage, according to the following data. 

Let the turbine be required to develop 1000 K.W. at fifll load and 1400 
K.W. at maximum overload. Efficiency of generator— 94%. Let the initiai 
pressure at inlet be 145 pds. gauge, and let the steam expand to 15 pda. abe. 
in the first nozzles, and in the second nozzles from 15 pda. abs. to a vacuum 
of 281 in- mercury. Let the angle of nozzles with plane of rotation of buclcets 
be 22°. Let peripheral velocity of buckets be 420 ft. per sec. Assume that 
the frictional losses are represented by the values of y given on pages 164 and 
168 respectively, and let the work lost because of journal friction, windage, 
and leakage be 25*^ of the work done by the steam. Draw diagrams as on 
Plate XII, and compute steam consumptbn per H.F. as on pages 166 and 
169, arranging for the maximum overload requirement. 

Let R.P.M. be ISOG. Compute height of second stage nozzles follow- 
ing'the method given on pages 170, etc., and according to the following 
data: Let thickness of nozzle walls be 0.075 in. and let pitch of nozzles be 
1.5 in. let the nozzlcfl subtend an angle at center of turbine shaft, of J=130 
deg. If height of first row of buckets is 2i% greater than that of the nozzles, 
and if height ratio for second stage is 1.6, compute height of last buckets in 
the stage. 

(6) A turbine takes steam at 175 pds. aba. and 125 deg. F. superheat, and 
expands adiabatically to a vacuum of 27.8 in. mercury. Find available 
enei^ from the Mollier Heat Diagram opposite p. 320. How much steam 
would a perfect engine use under these conditions ? If a test of an actual 
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turbine diows a, Ht«am consumption of 12 pds, per horse-power hour, what is 
the efficiency of the engine ? (See pagee 175-6). 

Let the horso-power be 3000 and let the R.P.M.=900. Let the bucket 
gpeed be 350 ft. per sec. Compute diam. of turbine. 

Let the turbine have six stages and let the energy distribution aimed at 
be, First stage, 0.25 E. and each succeeding stage 0.15 E. 

Let the first stage efficiency be 0.45 and for each remaining stage let effi- 
ciency =0.50. 

Find the area required through nozzles of last stage, in order to provide for 
3000 H.P. Assume the nozzle particulars to be the same as stated at bottom 
of page 187, and compute necessary height of nozzles for the last stage of the 
turbine. 

Note that the diagram on the back cover of the book shows an 
expansion curve representing the calculated expansion of steam, as given on 
page 186. 

The heat contents of steam may be taken from either the Heat Diagram 
opposite page 320 or from the one on the back cover, but the former is pre- 
ferable, especially as it is well to become familiar with the Mollier Diagram as 
used in practice. 

SET NO. 6. 

Text Reference, Pages 189-195. 

Turbine of the Parsons type, 2500 B.H.P., 1800 R.P.M. 

Initial steam pressure, 165 lbs. per sq. in. absolute. 

Initial supeitieat, 100° F. 

Vacuum, 28}" mercury. 

Uniformly distributed loss of 38 per cent, which includes both steam 
friction and mechanical friction. 

Let the turbine have 3 cylinders, the mean peripheral velocities in the 
1st, 2d, and 3d, respectively, being 130, 195, and 260 feet per second. Let 
the corresponding ratios of peripheral to steam velocity be 0.50, 0.45, and 
0.40, and the exit angles 20°, 22^, and 25". In the last 3 rows of the 3d 
{or low pressure) cylinder let the steam velocity be 1000 feet per second. 
and let the angle of exit of those rows be 42°. 

Draw velocity diagrams to suit the above conditions. Assume the 
pressure drop in all cylinders to be adiabatic. as in the example on pages 
189 to 195. Let the pressure at entrance to the second cylinder be 65 lbs. 
absolute and (hat at entrance to the third cylinder 16 lbs. absolute per square 

Let the steam consumption be 13 lbs. per B.H.P. hour. Assume that 
the steam pressure after passing the throttle valve is 145 lbs. abs,, .and 
has dropped to this pressure along a constant heat curve. Find the specific 
volume at entrance to the first cylinder as is done on page 192, and calcu- 
late dimensions in similar manner to that given in the text, tabulating re- 
sults, as shown on page 195, 
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SET NO. 7. 

Following the work iodicated io Example No. 6, the student fihould be- 
come familiar with the theory of the ParBons turbine as given on pages 
195 to 219. An example should then be workeJ, similar to that eiven on 
pf^ 219 (Example No. 6), including the drawing of characteristic curves 
like those in Fig. 77, and velocity diagrams, aa in Fig. 78. 
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Acceleration, 1. 

Adl&batic, expansion, 31; process, 41. 

Air-jet, Impulse of, 133. 

Allan Line Steamers "Victorian" and "Virginian," 317. 

Analysis on basis of heat expenditure, 230. 

Angles at buckets, 126. 

Apparatus— Wilson's, 140; Sibley College, 141. 

Arrangements of marine steam turbines, 312. 

Auxiliaries, 290. 



Back-pressure, effect of, 143, 145. 

Blade, speed of, 21; length of. 223; Parsons, 266. 

Buckets, angles. 126; additional sets of, 130; and nozzles, clearance be- 
tween, 129; clearance between rows of, 132; Cutting over edges, 
135; Curtis turbine, 163, 278, experimental work, 93, 123; length 
of, 1ST; spacing, 126; surface, effect of roughness, 135, 137. 



Calorimeter for use In heat analysis, 235, 242. 
Calorimeter, sampling tube for, 242. 
Classiflcation of steam turbines, slii, 
Carnot cycle, 42; efficiency of, 43. 

Clearance between nozzles and buckets, 129, 2t 

rows of buckets, 132, 288. 
Condenser, size of, 290. 
Condensers, counter- current, 294. 
"Creole," Steamer, 313. 31G. 
Cunard Steamer "Lusilania," 310, 312. 
Cunard Steamer "Mauretania," 310, 312, 
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Curtis turbine, buckets, 163; discuaaion, 261; four-stase, 276; testa of, 

2S2. 
Curtla turbine, calculation of dlmenslona, 182. 
Curtis turbine nozzles, dealgn of, 171, 176. 
Curtis turbine Steamer "Creole," 313, 315. 
Cutting over edges of buckets, 136. 
Curves, characteristic, 209, 211, 219, 224. 



De Laval noeslea, 114, 248; turbine, general description, 246; tests of, 

250, 252. 
Denny-Jobnaon, torsion meters, 319. 
Design of Curtis turbine noixles. 171-176. 
Design of impulse turbines, 176. 
Design of turbines, general remarks, 292. 
Diagrams, Impulse- turbine, 155. 

Diameter of wbeels, 170; of rotor, 217, 222; of spindle, 217, 222. 
Dimensions of nozzles, 86, 122. 
Divergent nozzle, 69. 
Dynamic pressure, 6, 

E. 

Economy of turblneE, 286; of marine turbines, 303, 304. 

Efficiencies, comparlaon of, 225; variations of, 227, 229; efflcleucy of 

turbine, 21, 23. 
Efflclencr, experimental determlnatiou of, 176. 
Efficiency of turbines, 175. 
Energy, intrinsic, 28. 

Entropy. 47; calculation of, 45; diagram, 39; units of, 62. 
Equation, Napier's, 99; Zeuner's, 28, 31. 
Expansion, adiabatic, 31; isothermal. 30; of steam, 30, 55. 
Experimental work, 93; Sibley College, 123. 



FUegner, 33. 
Flow, of gas, 33. 
" of steam, 27, 35, 62; experimental work, 93. 
" rate of, 140; resistances to, 77; velocity of, 72; weight of, 64, 65, 71. 
Foettlnger torsion meters, 319. 
Force, uniform, 1; unit of, 3. 
Frictlonal effect, curve of, 202, 219. 

" losses, determination of. 88; variation of, 218. 

" resistances, 77, 149. 
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Gas, flow of, 33. 

Graphical represeotatfon of heat transformations, 3S, 

Outermuth, ProtessoT, 3S, 95. 

H. 

Hall, Thomas, 123. 

Heat analysis. 230. 

Heat analyslB, calorimeter for, 235-242. 

Heat, curves o( constant, 53; total, curves of constant, 51; diagram, 39; 

diagram, examples In use of, 54; specific, 41; transformations, 

graphical representatlona of, 39. 
Heat diagram, MolUer, 53-60. 



Impact, 19. 

Impulse, 19, 26. 

Impulse of a jet, 5; of alr-]et, 133. 

Impulse turbines, design, 176. 

Impulse-turbine, general, si; discussion and design of, 151; efficiency 

of, 23. 26; single-stage, 152; two-stage, 158, 159; velocity diagrams, 

155. 
Impulse- and reaction-turbine, dlscusalon and design, 196, 265. 
Isothermal expansion, 30; process, 41. 



Jet, impulse of, 5, 
" reaction of, 5, 71, 114. 



Kinetic energy of ] 



Loss of velocity, 78. 

Losses, frlctlonal, determlnatioa of, 88. 

In turbine, 182. 
losses in Parsons turbine, distribution of, 204. 
"Lusitania," Cunard Steamer, 310-312. 



Dig,, z.d by Google 



Marine Bteam-turblne, 295; economy of, 303, 304. 
Marine steam tyrblne, applicaUtui ot, 308. 
Marine steam turbines, arrangementB of, 312. 

"Mauretania," Cunard Steamer, 310-312, 
Holller, beat diagram, 53-60. 



Napier's equation, S9. 

Nozzle, calculations of dimensions, 86. 122 ; De Laval, 114, 21S; divergent, 
69, 140; experimental work, 93, 123; friction in, 149; Ideal expand- 
ing, 142; vibrations In, 146, 147. 

Nozzles, design of Curtis turbine, 171-175. 



Orifices, experimental work, 93, 102, 104. 



Parsons turbine, calculations ot d 

Parsons turbine, dsBcrlption, 252; tests ot, 263, 254; turbine-blades, ! 

Parsons turbine, distribution ot loeses in, 204. 

Peabody, 100. 

Peripheral velocity, 31. 

Pressure, curves of constant, 52; dynamic, 6; on vanes, 11. 



Ranklne, 99. 

Rateau, 100; experiments, 106. 

Reaction, 26; of a jet, 5, 74, 114; nature of, 67. 

Reaction -turbine, general, ix; Hero's, x; discussion and design, 195; 

blades, length ot, 214, 223; velocity diagrams, 221. 
Relative velocity, 16. 
Resistance to flow ot steam, 77, 
Revolution, speed ot, 286. 
Rosenhaln, 100, 107, 109. 
Rotor, diameter ot, 217, 222. 



Dig,, z.d by Google 



SomplliiK tube for calorimeter, 242. 

Satur&tloa curre, 50. 

Sibley College experiments, 123; app&ratu, 141. 

Skin (rtcUon, 139. 

Spacing of buckets , 126. 

Spindle, diameUr of, 217, 222. 

Specific heat, 44; volume, 60. 

Speed of blade, 21. 

Steam, flow of, 27, S5, 62; expansion of, 34, 65; superheated, Gl, G7, 62; 

velocity of. curves, 160; consumption, 181. 
Steam turbines, clasBlflcatlon at, xlii. 
Steamship propulsion, 308 



Temperatnre-entropy dlaKram, 39. 

Teste of turbines, Curtis, 232; De Laval, 250, 262; Parsons, 253, 254. 

Thermodynamic principles, 27, 

Torque line experimentally determined, 17S. 

Torsion meters, Denny- Johnson. 319. 

Torsion meters, Foettlnger, 319. 

Turbine-buckets, 123; Curtis, 163. 

Turbine design, general remarks, 292. 

Turbine testing, water brake for, 319. 

Turbines, types o(, 246. 



Vacuum, gidn due to increase of. 289. 

Vanes, action of fluid upon, 10; change of direction of flow, causing 

pressure on, 11. 
Velocity, calculation of, 61, 64; absolute. 21; peripheral. 21; relative, 

16, 21; of flow, 72, 114; of Bteam, curves of, 160; loss of, 78. 
Velocity, ratios, 226. 
steam, 226. 
"Victorian" and "Virginian," steamers, 316-317, 
Volume, specflc, 60. 
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Water-brftke [or turbine testing, 319. 
Wheels, diameter of, 170. 
Weight of flow, 64, 65, 71; curve ol, 160, 
Wilson, 103, 107, 109; apparatus, 140. 
Work, done on vane or bucket by fluid, 20; external, 2 
of frlcUoQ, SI. 



Zenner's equation, 28, 3S. 
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